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NOTATION 


Entlith Lettert 

D diuieter of tube or jet 

M AOBentui flax at any tube cross-section or of jet 

p static pressure 

r radial coordinate 

R radius of tube 

Re Reynolds number based on tube or jet diameter 

S swirl number 

u instantaneous or fluctuating axial velocity 

RMS tt velocity 
U mean axial flow 

U average D velocity at an x location 

U^y average upstream velocity along x-direction 

W mean circumferential velocity 

w instantaneous or fluctuating circumferential velocity 

w' RMS w velocity 

X axial coordinate 

Greek letters 
6 vane angle 

^ kinematic viscosity of fluid 

p density of fluid 

G angular velocity 

Subscripts 

a air or ambient condition 

b helium 

j j«t 
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Snbtcrlpf (Cont'd) 


o centerlino 

T tube 

o npstreu 

w wall 
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ABSIHACT 


ITie understanding of the fluid dynamics of jets in confined swirling 
is of basic importance to designers of turbine combustors and solid fuel 
ramjets used to power missiles fired from cannons. Although there have been 
noaerouj investigations on the characteristics of confined jets and co-axial 
jets, little is known of the behavior of jets in a ccsrined swirling flow, 
especially jets of a lighter fluid issuing into a heavier fluid. The present 
investigation addresses this latter question directly and reports on the fluid 
dynamics of gas jets of different densities in confined swirling flows. 

A swirler o: the vane design is used to impart swirl to the flow inside a 
plexiglass tube, 125 mm in diameter. The jet, with a diameter of 8.73 mm. is 
situated in the center of the swirler so that the tube axis is aligned with 
the jet axis. Both the swirler and the jet Reynolds number can be changed if 
required. The experiment is carried out with gases of different densities and 
the jet velocities are selected to give the same jet momentum flux for each 
gas. Mean velocity and turbulence measurements are made with a one-color, 
one-component laser velocimeter operating in the forward scatter mode. 

Results for air and helinm/air jets show that jets in confined flow with 
large area ratio are highly dissipative. As a result, both air and helium/air 
jet centerline velocity decays rapidly. However, the similarity between air 
and helinm/air jets ends here. For air jets, the jet-like behavior in the 
tube center disappears at about 20 diameters downstream of the jet exit. This 
phenomenon is independent of the initial jet velocity. The turbulence field 
at this point also decays to that of the background swirling flow. On the 
other hand, a jet-like behavior in the tube center is noticed even at 40 
diameters for helinm/air jets. The subsequent flow and turbulence field 
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depend highly on the initial jet velocity. Since the jet< are fully 
turbulent, therefore, independent of jet Reynolds number, and the jet momentuin 
fluxes for both air and helinm/air are the same, the cause of this difference 
in behavior is attributed to the combined action of swirl and density 
difference. 

This observation can have significant impact on the design of turbine 
combustors and solid fuel ramjets subject to spin. 


1 . INTRODUCTION 




1.1 Motivation 

Annular gas turbine conbustora are designed to give complete combustion 
between fuel and oxidant in the shortest possible distance and uniform 
velocity and temperature distributions at the exit end of the combustor. To 
achieve these objectives^ the liquid fuel is atomized and thoroughly mixed 
with air before injecting into the combustor. Secondary air jets are used to 
deliver more air for mixing and reaction. Both the fuel-air and the secondary 
air jets can be swirling or non-swirling. Also, the swirling can be in the 
same direction or counter to each other. It is believed that through the 
creation of a recirculation region in the flow field and the anchoring of the 
flame in this region, complete combustion can be achieved efficiently. 
Further downstream, dilution air jets are installed in the combustor to burn 
off unburnt fuel# to lower the gas temperature and above all to thoroughly mix 
the gas and give a uniform distribution of velocity and temperature at the 
combustor exit. This last requirement is of utmost importance because a 
non-uniformity of 50^F in the temperature distribution will decrease the life 
of the first stage turbine blades significantly. It is also found that the 
dilution air jets are crucial to the attainment of uniform temperature 
distribution in a relatively short combustor. Without them, the flow and 
temperature fields at the combustor exit are just not uniform. 

The reason for this is not clear. It could be due to insufficient length 
for mixing. It could also be due to the confinement of the lighter combustion 
products, which are at a higher temperature, by heavier swirling air, which is 
relatively cool. A similar mixing problem exists in solid fuel ramjet used to 
power missile fired from cannons. There, the problem reflects itself as a 
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significant decrease in ramjet combustion efficiency when the missile is 
subject to spin. 

In solid fuel ramjet combustion, the flame is detached from the fuel 
surface and a layer of fuel vapor mixed with combustion products exists 
between the flame and the surface. Once the ramjet is rotated, as in the case 
ot a cannon-fired missile, the lighter oxidant air and gas products could be 
prevented from mixing witn the heavier fuel vapors by the action of radial 
pressure gradient. This, in turn, could lead to a decrease in combustion 
efficiency* 

From these two examples, it is evident that the phenomenon resnlting from 
the mixing of a lighter swirling or non-swirling gas with a swirling heavier 
external gas is of great interest to combustor designers. Unfortunately, 
little is known of this turbulent mixing phenomenon, even in the case of 
homogeneous mixing. Therefore, some basic understanding of this behavior is 
needed before the observations noted in gas turbine combustors and solid fuel 
ramjets subject to spin can be remedied and improved combustor designs put 
forward. 

1.2 Brief Discussion of Related Work 

The fluid dynamics of the flow described in the previous two examples are 
very complicated. It involves turbulent mixing of different density gases, 
chemical reactions, their interaction with the flow field and heat transfer. 
A complete understanding of this phenomenon is not possible at present because 
even the idealized flow of non-isothermal , non-reacting turbulent mixing of 
different density gas streams in a swirling environment is a little understood 
problem. The difficulty in trying to understand this idealized problem is 
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further compounded by the lack of knowledge in the corresponding isothermal 
flow behavior. On the other hand, a substantial amount of knowledge has been 
accumulated in the basic elements that make the isothermal flow. Some of 
the important elements are: confined swirling flows, coaxial jets with and 
without swirl and inhomogeneous mixing in a free or confined environment. 
Therefore, it will be helpful to the present investigation to briefly review 
some recent past work in these three areas. 

Isothernal confined swirling flows have been studied by numerous investi- 
gators. Among the more recent work that is relevant to the present study can 
be mentioned the investigations of Yajnik and Subbaiah (1973), Weske and 
Sturov (1974), Cheng (1978) and Tan (1980). In the investigation of Yajnik 
and Subbaiah (1973), the effects of variable initial swirl on turbulent pipe 
flow were examined. The initial swirl produced by guide vanes was small and 
amounted to a swirl number range of 0 i S i .155. Consequently, flow reversal 
did not take place and similarity conditions were found to exist at about 50 
diameters downstream of the entrance. The turbulence field was not studied} 
however, skin fri:;tion at the pipe wall was found to obey the logarithmic law 
but with the additive coefficient dependent on swirl. Weske anu Sturov (1974) 
examined the decay of swirl and turbulence field in a pipe flow. In their 
investigation, the swirl was produced by rotating a section of the pipe. The 
swirl number investigated ^as substantially larger than those studied by 
Yajnik and Subbaiah (1973' and ranged from 0 to 3 • Corsequently, flow 
similarity was not found. The turbulence field was found to decay quickly. 
However, its decay was a strong function of the swirl number, S. 

Turbulent mixing of two gas streams of the same density with and without 
swirl was investigated by Cheng (1978) in a coaxial annulus. The two streams 
can be swirled in the r«ame or opposite directions and the swirl number 
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stodifft of Alpioiori (1964) and Vn and Oooldla (1980) wera carried oat in a 
circular tabe with a coaxial jet located at the entraoce to the tabe. The 
area ratio of the jets was ~ 16 for Alpioieri's experisent aud *• 18 for Vu and 
Gonldin's experiacat. None of these feoaetries was typical of actnal 
coabnstor (eoaetry. Therefore, the results of these experiaents should bo 
interpreted with caution when they were applied to explain coabustor flows. 

The iuTestigations of Habib and Vhitelaw (1979, 1980) were carried out 
for two velocity ratios and swirl nuabers of 0 and .23. Although centerline 
recirculation was not observed at S - .23, the results did indicate that such 
recirculation would exist as S was increased. On the other hand, recircu- 
lation due to flow confineaent disappeared even at S » .23 and a velocity 
ratio of 3. Without swirl, this recirculation would increase with increasing 
velocity ratio. Stronger turbulence was observed along with this increase in 
recirculation zone. Mass transfer in the fora of a passive scalar was studied 
by Johnson and Bennett (1981). Their aeasureaents were reported at one 
velocity ratio of ~ 3.2, and with the exception of the confinement ratio, the 
other conditions were quite similar to those of Habib and Whitelaw. A major 
result of their investigation was the discovery of a large region of 
counter-gradient turbulent axial mass transport. This phenomenor occurred in 
the region whore the annular jet fluid was accelerating the inner jet fluid. 
Besides, they also found that the axial mass transport correlation coef- 
ficients were greater than the corresponding momentum transport coefficients. 
This is an indication that the assumption of unity Lewis number may not be 
very appropriate in the calculation of turbulent flow with mass transfer. 

Mass transfer in different density streams was investigated by Alpinieri 
(1964). The study was carried out with H, and CO, jets issuing into an 
annular air jet. Therefore, inner jet fluid lighter and heavier than outer 
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annular jet fluid was investigated. The study was not exactly isotheraal, 
because the inner jet tenperature war 6 - 36^F higher than the annular jet 
temperature. Consequently, the mixing phenomenon would also be affected by 
thermal as well as gravitational buoyancy effects. The velocity ratio 
investigated ranged from .8 to ^ 2. Only mean profiles of velocity and 
concentration were measured. Therefore, the results did not reveal the 
existence of any region of counter-gradient turbulent mass transport as that 
found by Johnson and Bennett (1981). However, their results also showed that 
mass diffused more readily than momentum. 

Isothermal mixing between two streams of the same density swirling in the 
same or opposite directions was investigated by Vu and Gouldin (1980) • 
Although they also studied the case where only one stream was swirling, their 
results were reported for a non-swirling external stream. Therefore, useful 
information relevant to the present investigation cannot be gleaned from their 
results. The swirl number range investigated by Vu and Gouldin was - .51 ± S 
i .71. Results showed that outer swirl had strong effects on the formation of 
a recirculation zone and mixing in the shear interface. As the outer swirl 
number was decreased from counter-swirl to c^swirl conditions, the size of 
the recirculation zone diminished, so were the reversed flow velocities. 
Also, stronger turbulence was found in the interface under counter-swirl 
conditions than co-swirl conditions. These findings were discussed in 
relation to reacting flows in actual combustors. However, in light of the 
studies by Alpinieri (1964), Tan (1980), and Johnson and Bennett (1981), 
caution should be exercised when these results are applied to explain actual 
combustor flows where density difference effects are prevalent. 

Turbulent free shear mixing with density variation produced by different 
density streams or by different temperature streams have been studied by 
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They found that the entrainment rate normalized by the jet mast flow rate was 
a simple function of the parameter (pa>/pj)^^* (x/Dj). 

Detailed measurements of concentration fluctuation have been attempted by 
numerous investigators. Among those who used hot-wire techniques can be 
mentioned D'Souza (1968), Way and Libby (1970, 1971), Stanford and Libby 
(1974) and Brown and Rothko (1974). Optical techniques were used by Becker et 
al (1967), Batt (1977) and Birch et al (1978). Again, studies were carried 
out on both planar and azisymmetric free shear layers. The concentration 
probability density function was found to vary from a delta function in one 
side of the mixing layer to a near Gaussian distribution in the center and 
then to another delta function on the other side of the mixing layer. This 
was not found to be the case for axisymmetric jets (Birch et al 1978) • Here, 
consistent deviation from Gaussian statistics along the jet centerline was 
measured. 

Finally, a recent work on confined jet by Janjua et al (1983) should also 
be mentioned. The circular air jet was directed into an axisymmetric chamber 
whose diameter was twice that of the jet. With this geometry, the confined 
jet flow should be considered similar to flows over a backward facing step and 
should be compared with similar flows analyzed by Eaton and Johnston (1980). 
Nevertheless, the authors found that the turbulence field decayed quickly from 
a jet-dominated field into one that was fairly uniform across the chamber in 
about 5 jet diameters. Whether such behavior can be expected when the chamber 
diameter it many times larger than the jet diameter is a question that needs 
to be answered. 

This brief review, even though it may not be very complete, indicates 
that the mixing phenomenon in turbine and ramjet combustors as discussed in 
Sec. 1.1 is a little investigated phenomenon. Although many related phenomena 
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with one or severnl of the pnrweter* inportnat to non-isother«nl and 
isother-nl v.rinble den.ity mixing have been aingled out for inveatigation. 
there are still many unanswered questions that need to be addressed. The 

present investigation is formulated to answer some of these questions. With 
its completion, it is hoped that a bettor understanding of the flow phenomenon 
can be achieved. 

1.3 Present Objectives 

From the brief discussion in Sec. 1.2, it can be seen that non-isothermal 
mixing of a light fluid jet with confined swirling flow of a heavier fluid has 
not been investigated in detail. Since this is the phenomenon, as pointed out 
in Sec. 1.1. that has the most impact on the design of gas turbine and ramjet 
combustors. the basic objective of the present investigation should, 
therefore, be directed to the study of this phenomenon. In actual combustors, 
mixing is very much affected by the heat release due to reaction. However, 
since not much is known about the .ore basic problem of isothermal mixing in 
the presence of confined swirl, a first attempt to understand this complicated 
phenomenon is to study the less co.plex problem of isothermal mixing with 
swirl. In order that the present results can be readily applied to explain 
combustor characteristics, the flow in the initial mixing region, or the near 
field of the immersed jet. is examined in detail first. For most combustors, 
the length-to-diameter ratio varies fro. 4 to 8. The initial mixing region 
usually does not occupy more than one half the combustor length. Therefore, 
the region of interest is limited to the first 2-4 diameters of the combustor. 

With this in mind, the present investigation is set up to examine the 
fluid dynamics in the first 2-4 diameters of cylindrical combustors. The flow 
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characteristics that result are due to the nixing of a light fluid jet with 
the surrounding swirling flow of a heavy fluid. Tenperatures of the two 
streans are maintained equal so that isothermal nixing results, and the 
parameters of importance in the problem are the density ratio, the swirl 
characteristic, the Reynolds numbers, combustor geometry, jet-to-flow velocity 
ratio, jet~to~flow momentum flux ratio, and pressure drop behavior. 

Since the primary objective of the present investigation is to study the 
effects of density ratio and swirl on mixing, the experiment is designed to 
isolate these two parameters for investigation. The Reynolds number effects 
can be eliminated by examining fully turbulent flows. Also, combustor 
geometry can be fixed by restricting the investigation to one particular 
combustor, namely axisymmetric combustor for ease of investigation. It is 
hoped to eliminate the dependence on pressure drop behavior by investigating 
flows with small jet mass flow rate addition to the combustor. Since for a 
given swirl but different density ratio, either the jet-to-flow velocity ratio 
or the jet-to-flow momentum flux ratio can be kept constant, but not the two 
simultaneously, the present experiment is also designed to include these two 
parameters for investigation. In view of the large number of runs to be 
carried out. this first effort is focused on a particular swirl flow given 
rise by a swirler from an actual combustor. Several density ratios are 
chosen. These range from pj/p* = - .2 to 1. This can be achieved by choosing 
the jet fluid to be air and helinm/air mixture and the surrounding fluid to be 
air. Several velocity and momentum ratios are investigated for each density 
ratio. Therefore, the experiments taken together would provide a good 
estimate of the effects of density ratio and swirl on isothermal mixing in an 
axisymmetric combustor. 

Section 2 of this report describes the teat facility, the diagnostic 
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technique and the data reduction procedure. This is followed by a discussion 
of the test natrix to be carried out. The results obtained are presented and 
analyzed in detail in Sec. 4. Conclusions drawn are outlined in Sec. 5. 
Finally, further work is discussed in Sec. 6. 
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2. EXPERIMENTAL SET-UP 


2 • 1 The Test Facility 

A schematic of the test facility used in this experiment is shown in 
Figures 1 and 2, Briefly^ it consists of a swirler mounted inside a pleziglas 
tube of circular cross section. The plexiglass tube has an I.D. of 125 mm and 
an O.D. of 140 mm. It is bored to give a uniform and smoothly polished inner 
surface. The outer surface is also polished to give minimum distortion to 
laser light paths passing through the tube wall. Total length of plexiglass 
tubing used is 4,5 m. For ease of fabrication, the tube is segmented into 1.5 
m sections and these are joined together using flanges. 0-rings are installed 
between flanges to prevent leakage. The first section downstream of the 
contraction is .61 m long. It houses a honeycomb section 15 cm long which 
serves to straighten out the flow and to dampen any large scale disturbances. 
The swirler. shown in Figures 3 and 4, is mounted at the downstream end of 
this section (Figure 5). A steel tube, with an I.D. of 6.35 mm. is mounted at 
about 15 cm upstream of the swirler and is used to supply air or helium to the 
nozzle in the swirler (Figure 3). The swirler, nozzle and the tube are all 
adjusted to give good axial alignment. Immediately downstream of this section 
is the test section which is - .76 m long (Figure 5). Two test sections are 
made, one with wall pressure taps distributed along the length of the tube, 
the other without for use in LDA measurements. The return air duct is a PVC 
tube with an I.D, of -- 32.5 cm. This is connected to the plexiglass tube via 
a diffuser and a 125 mm I.D. aluminum tube. A blower powered by a 25 hp motor 
is used to suck air through the test section. In order to reduce the noise in 
the whole set-up. two settling chambers are mounted one at each end of the 
blower. Since the motor is a constant speed motor, the rate of mass 
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flow through the test facility is controlled by a gate valve located upstream 
of the contraction section. The temperature of the incoming air is controlled 
by two evaporative coolers mounted on the roof at the inlet to the test 
facility. Since the compressed air supply for the air jet experiment is 
already at room temperature, thermal effects can be easily eliminated. On the 
other hand, if bottled-gas is used to supply helium for the helium jet 
experiment, a heat exchanger is required to bring the helium temperature up to 
room temperature level in order to avoid thermal effects in a variable density 
flow. This is achieved by passing the helium gas through a copper coil 
immersed in hot water (Figure 6) before delivering to the jet nozzle in the 
center of the swirler. The water temperature can be varied by controlling the 
power supplied to the heating element. This arrangement is found to be very 
satisfactory and the air/helium temperatures can be set to within 1®F of each 
other. Therefore, the mixing phenomenon studied is one of isothermal mixing 
with density difference between the two streams. 

The swirler (Figures 3 and 4) is provided for the present experiment by 
Garrett Turbine Engine Company. It is made of stainless steel. The vanes are 
flat plates set at an angle of 66® and are not extended all the way to the 
center nozzle. Instead, a plate of ^ S3 mm diameter is placed between the 
vanes and the center nozzle. The center nozzle is designed to give a fully 
turbulent low subsonic jet for both air and helium. If the jet Reynolds 
number is calculated based on a jet diameter of 6.35 mm for helium, the 
highest Rej obtained is still < 10®. Therefore, the jet is essentially 
transitional and would not be independent of Re. In order to ensure a fully 
turbulent jet, even for helium, the jet nozzle is designed with a backward 
facing step as shown in Figure 3. According to Eaton and Johnston (1980), the 
flow downstream of the reattachment point in a backward facing step is 
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osscntially turbulent even though the upstrean flow may be lawinar. Also, the 
reattachinent length is -- 8-10 step height. In view of this, the nozzle is 
designed to give an abrupt expansion of 6.35 mm to 8.73 mm diameter. The 
length of the nozzle after the expansion is 12.7 mm. which is - 11 step 
height. With this modification, it is found that the jets are fully turbulent 
for all test conditions investigated in the present experiment. 

The swirl number. S, can be conveniently used to characterize swirling 
flow. It is defined in terms of angular and axial momentum fluxes associated 
with the mean flow, thus 


S 


/ 


UWr^dr 
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R f U»rdr 


( 1 ) 


If U is the average velocity and 0 is the angular velocity, then 


= 2ti |*0»rdr , 


( 2 ) 
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nOR^U = 2n J UWr»dr , 
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(3) 


Therefore. S can be simplified to 


S 


m ^ W 

U U 


(4) 


For swirling motion produced by vanes with constant angle. S is given by 


S s 5 = tan e 

U 


(5) 


Since 9 « 66« for the present vane design. S a 2.25. The present swirler 
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thorofor* giT«* • high twixl noaber flow la thw tnbo. 


2.2 Dl*tno»tic Inttrwnt 

Velocity ■ottwrcacnt* wrc taken with a DISA Model 55L laaer~Doppler 
aneaoaeter (LDA) eaploying the forward scatter aode as shown in Figure 7. 
This systea is utilized since it can aeasure one velocity component at a point 
in the flow field regardless of the physical and theraodynaaic properties of 
the fluid and without disturbing the flow. A 15 nw heliua-neon laser (wave 
length X » 632.8 na) provides the coherent light source. This beam is split 
and one of the beams is shifted 40 MHz utilizing a Bragg coll to enable 
detection of high degrees of turbulence and to accept reversed flow in the 
axial direction. The resulting pair of beams is then passed through a beam 
expander and a 31 cm focal length lens. Beam separation can be varied 
arbitrarily and the largest value (75.6 mm) is chosen to minimize the sampling 
volume length as much as possible and to improve signal-to-noise ratio. The 
resulting beam intersection angle is 13.9* in air and yields an ellipsoidal 
sampling volume of dimensions 0.99 mm length and 0.12 mm width. When a 
particle passes through the intersection of the two beams, causing the fringe 
pattern to move, the intensity of light received by the photomultiplier is 
modulated. Since the particles are very small, they move with the same speed 
as the fluid particles and yield a Doppler frequency proportional to their 
velocitiea. Electronic processing is performed utilizing a 55L90A frequency 
counter to measure the value of the Doppler frequency, fp, and to determine 
the velocity component normal to the fringes. The relation between these 
quantities is 

V - X fp/ 2 sin (|) . 
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where is the Doppler frequency, 9 is the beam intersection angle (0 » 
13.9^), V is the velocity in the plane of the beams and perpendicular to the 
bisector of the included angle 0. 

The set'up is also equipped with a DISA 55N10 frequency shifter which 
allows reversed flow measurements and enables the user to measure highly 
disturbed flows and fluctuating flows with zero mean velocity. It also 
enables the user to determine the direction of the flow and to eliminate to a 
high degree directional signal bias. Furthermore, frequency shift allows 
optimum matching of the Doppler signal to the range of the signal processor. 
Therefore, frequency shift is used in the present set-up. The frequency 
shifter produces a 40 MHz signal which is used to drive a Bragg cell, placed 
in the optical path of one of the laser beams, and in this way the beam is 
frequency shifted by fg = + 40 MHZ. Therefore, the signal detected by the 
photomultiplier is fp + fg which is fed to a mixer as shown in Fig. 7. The 
output of the mixer is fg + f^, where f^ may be selected in the range 10 kHz 
to 9 MHz as required by the velocity range. 

The DISA 55L90A signal processor amplifies and filters the signal fed by 
the frequency shifter as shown in Figure 7. In principle, the LDA counter 
works as a timing device or a stop watch (500 MHz clock) which can be 
programmed to measure the time between certain events. The counter can bo set 
to measure the time for 8 zero crossings of the filtered signal, validate the 
output and allow analog or digital data read-out as shown in Figure 7. The 
processor also measures 5 zero crossing and compares with the 8 cycles result 
to ensure the signal is a valid one-particle signal. Since the LDA counter 
systems are designed for use in situations where low seeding particle concen- 
tration occurs and also where seeding concentration is difficult to control, 
the counter system is a perfect choice for the present set-up. The counter is 
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equipped with a validation unit end a data-rate aodnle, which facilitates 
monitoring of the Doppler signal when setting np and making the preliminary 
adjustments. This allows the voltage of the photomultiplier and the amplifi- 
cation to be set so that the best signal quality is obtained. 

For the present set-up, all measurements are ma«. ^ in the horizontal plane 
passing through the tube axis and the vertical plane perpendicular to the tube 
axis (Figure 8). The former gives u, the axial velocity, while the latter 
gives w, the circumferential velocity. Radial velocity is not measured 
because of the difficulties associated with translating the sample volume in 
the vertical direction using available equipment. The traversing mechanism 
used is a DISA 57HOO traversing table with a DC motor drive. A digital 
control system fully integrated with the computer is used to keep track of 
position even when it is used in the manual aiode. This allows the user to 
switch the mechanism from manual to automatic mode without a new initializa- 
tion procedure. The standard traversing range is 600 am and the spacial 
resolution is ^ 1/64 mm. 

Artificial seeding is used to improve the LDA signal quality and 
frequency resolution. This is provided by a DISA 55L18 seeding generator 
which is comprised of a carefully developed liquid atomizer and separator. 
The liquid used is a mixture of water and glycerine (50:50%). Compressed air 
is used to atomize the liquid and to carry the atomized droplets to the main 
flow. The droplet size is centered about 1 pm, and its concentration can be 
regulated by changing the air inlet pressure to the atomizer. In general, 
seeding particles are introduced into the flow system in the same plane of 
measurement which gives better signal quality. 
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2.3 Data Acoaisitlon and Redcction 


A ainicoapntar data handling systea ia naed in the present experiment. 
The master control over the systea is provided through the user's terminal. 
This allows all aeasureaent to bo performed under program control from a 
console device. A specially developed computer program sets up ail necessary 
information and controls data collection and transfer at each aeasnring point. 
Three blocks of 1024 samples are collected together with Doppler frequency and 
time between samples. The choice is made of three blocks of data only because 
the results do not vary significantly when the number of data blocks is 
increased to four or more. Reduced data can be displayed instantaneously or 
stored on a floppy disk for later processing. The system consists of the 
following: 

(1) A standard DISA 57G20 buffer interface which provides conunonication 
between the PDP-11/03 computer and the DISA 55L90A counter processor. It is 
essentially a handshake between the counter and the computer to enable the 
usT to set the counter under program control. This buffer is also needed 
because the input rate to the co puter is much smaller than the data rate 
generated by the counter, 

(2) A DEC PDF 11/03-L minicomputer with a dual disk drive and a 64 Kb CPU, 
The computer incorporates two floppy disks, a console terminal (Digital VTIOO) 
and a graphic printer (Digital DEC Writer IV). A picture of the various 
instruments and control terminal is shown in Figure 9. 

A computer program using standard methods of analyses to calculate the 
statistics, spectra and correlations of LDA signals is developed for use in 
the PDP 11/03 computer in conjunction with other programs for data 
acquisition. In developing the program, special consideration is given to the 
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biasing effect associated with the use of a frequency counter to process data 
in highly turbulent or disturbed flows. This effect arises because the number 
of data points sampled by the counter may be correlated with the physical flow 
parameters, in particular, with the magnitude of the velocity passing through 
the measuring volume (see for example George 1976 j Erdman and Gellert 1976; 
Hosel and Rodi 1977; George 1978; Buchhave and George 1978i Nelinand and 
Charnay 1978; Buchhave et al 1979). These references also discuss other 
corrections related to random sampling times. For the present, it is enough 
to note that all velocities are corrected utilizing resident time bias as 
follows : 


U = 


LjX 


(7) 


(ttj - O* aj 



°j 


( 8 ) 


where N is the total nomber of data points and aj is the weighting factor. 
For resident tine neasnreiient , oj is the total burst time. In the present 
stady. only the mean and variance of the LDA signals are calcalated and 
reported. 


2.4 Qnalification of Test Facility 

Before actnal experimentation is begun, the test facility is checked for 
the followings. These are flow upstream of the swirler, jet flow, flow 
immediately downstream of the swirler, varioot methods of seeding the flow, 
symmetry check of the flow and pressure drop in the tost section. A brief 




description of each of these preliminary experiments is given below. 

2.4.1 Upstream Flow 

This experiment is carried oat to characterize the flow upstream of the 
swirler and to ascertain that the incoming flow is indeed axisymmetric and 
turbulent. To do this, the flow at x/Ihj* = - 1.1, where x is measured from the 
plane of the swirler, is measured. Seeding of the flow is provided by seeding 
holes upstream of the honeycomb (Figure 5). The stainless steel tubing is 
disconnected from the swirler so that the actual flow in the tube is studied. 
Measurements are made of the flow on the horizontal plane across the whole 
tube. It is found that the flow is indeed very axisymmetric in this plane. 
The distributions of U(r) and u'(r) across half the tube is shown in Figure 
10. Uniform flow is achieved in the central 65% of the tube, and the 
turbulent intensity, u'/U, in this region is fairly uniform and equal to 
^ 5.5fj. The average velocity across the tube is 6.8 m/s. Therefore, the tube 
Reynolds nomber, Rej, is 5.49 x 10^ . The Reynolds number is high enough for 
the flow to be turbulent and is about the same for all Rej tested (Table 8), 
so it is set as the upstream flow condition for all subsequent experiments. 

2.4.2 Jet and Swirling Flows 

The objective cf the present investigation is to examine isothermal 
inhomogeneous turbulent mixing in a swirling environment. In order to 
eliminate Reynolds number dependence, the flow created should be fully 
turbulent. A fully turbulent upstream flow has been created. This together 
with a fully turbulent jot flow will give the flow behavior required. Even 
though the jet Reynolds numbers are small for the range of conditions tested 
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(Table 8), the jets are made fully turbulent by the special design incorpor-* 
ated into the jet nozzle (Figure 3). Two different methods arc used to 
determine the velocity of the jet at its exit plane. One is to use a 
rotor-neter to measure the volume flow delivered to the jet nozzle. Assuming 
the velocity at the jet exit to be uniform, the jet velocity Uj can be 
determined. Another method is to position a pitot-static probe at the jet 
exit. Thus* the centerline Uj can be measured. A series of Uj measurements 
are made using these two techniques* The results show that the measured Uj's 
agree to within ± 3% of each other* While these measurements are performed, 
the pressure gauge settings for the various Uj conditions are also noted* 
This then provides a curve of gauge pressure setting versus Uj for setting the 
jet condition. Subsequent experiments arc carried out with the jet condition 
set according to this curve. 

The flow angle immediately downstream of the svirler is checked to see if 
it is given by (5). Two sets of measurements are made; one with Dj = 0 and 
another with an air jet and Uj = 25.4 m/s. The measurements are made at 
x/Dj = 1# since it is not possible to get any closer with the present set-up. 
Measured U, W from r = 47.5 am to 59*5 am are plotted as shown in Figure 11* 
It can be seen that the flow angle behind the swirler is fairly constant in 
this region and is in good agreement with (5). For r < 47.5 aim, the flow 
angle begins to decrease, which reflects the effect of the center plate in the 
swirler. Therefore, the initial swirling flow set up near the tube wall is 
essentially that created by the swirler* 

2.4.3 Effects of Seeding 

In anticipation of the fact that seeding the helium jet is going to 
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de.troy the integrity of the jet. sever.l experiaentt nre carried out to 
investigate the effects of seeding on the aeasared behavior of the flow in the 
test section. Altogether three experinents are perforaed. One is to teed the 
flow using the seeding holes located npstreaa of the honeycoab (Figure 5). 

Another is to teed the flow using a circular copper tube with saall holer 

drilled along the axis of the tube. The tube is introduced diaaetrically 
across the plexiglass tube upstreaa of the swirler and in the plane of 

aeasureaent. A third experiaent is carried out with seeding also introduced 
to the jet as shown in Figure 5. The flow properties at x/Dj = 1.5 and 40 are 
-easured to deteraine the effects of seeding. All experiaents are perforaed 
with an air jet set at Dj = 66.8 a/s in the presence of an external swirling 
flow. It is found that the LDA signals obtained with the flow seeded via 
seeding holes located upstreaa of the honeycoab are not of as high a quality 
as those obtained by seeding the flow through the introduction of the copper 
tube in the plane of aeasureaent. Typicilly. the data rate is auch lower and 
hence frequency resolution is not as good. Consequently, the first aethod of 
seeding is discarded in favor of the second. 

If the jet IS not seeded, then the question reaains as to whether the 
saae result would be aeasured in the jet region. No difference in the 
aeasureaents are detected at x/Dj = 40 (see Figures 37-40). The aeasureaents 
«t x/Dj = 1.5. where the jet is very proainent. are shown in Figure 12. It 
can be seen that, to within experiaental errors, the aeasured D and u* 
obtained using the second and third seeding aethod are essentially the saae. 
Also, the data rate for both cases is approxiaately equal and follows closely 
the curve shown in Figure 13. In view of this, it is decided to just seed the 
flo> by introducing the copper tube in the plane of aeasureaent. 

This aethod of seeding works satisfactorily for air jets into air. 
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However, it feilt to give reetonebly eccurete end repeeteble neeeureeentt for 
helitt. jete with eir. swirling end non-ewirling. The reeson is not enough 
seeding cen diffuse into the wiring region in the jet neer field for eccnrete 
.essurewents to be cerried out. Fer downetree., the flow is very well mined 
end seeding the externel flow elone is sufficient. Since the mein interest of 
the present study is in the jet neer field, the helium jet experiments heve to 
be cerried out by seeding both the jet end the surrounding sir. This 
compromises the integrity of the helium jet end gives rise to e jet of 
helinm/eir mixture, since the seeding perticles ere cerried by e streem of 
eir. The mixture density of the jet is meinteined low by using e minimum 
•mount of seeding required to give relisble meesurements in the jet neer 
field. Assuming the eir end the helium ere homogeneously mixed inside the jet 
nozzle, the mixture density cen be determined from • composition meesurement. 
Although pure helium jets cennot be investigeted. this errengement .Hows for 
the exeminstion of s light fluid jet issuing into e confinement of eir. 

2.4.4 Check 

In the process of investigeting the effects of seeding, the qu.lity of 
the LDA signels end the counter det. rete are also examined. The dat« rate 
can be adjusted by varying the validation rate in the counter. A typical plot 
of the data rate across the test section at x/Dj = 1 and for an air jet set at 
Uj - 25.4 m/s is shown in Figure 13. Seeding for this measurement is via 
upstream flow only. Very high data rate (~ 25 kHz) is obtained near the wall. 
However, this decreases to about 2 kHz near the centerline. With sacrifice 
made in the validation rate, which is around 2» for the data shown in Figure 
13, the data rate near the tube center can be adjusted to < 3 kHz. Thus, very 
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high quality signals are obtained. Seeding the jet in addition to upstream 
seeding does not improve the data rate signif icantly« even in the jet region. 
Consequently, all subsequent measurements are made with a data rate distribu- 
tion approximately as shown in Figure 13. 

Having decided on the method of seeding and the data rate distribution, 
the flow in the test section is checked for symmetry. Two experiments using 
air jets are run; one with Uj == 58.6 m/s, the other with Uj = 77.0 m/s. In 
the first experiment, measurements of U(r) and u'(r) at x/Dj - 4.3 are 
obtained. Flow characteristics at x/Dj =7.5, 15.4, 20.9 are measured for the 
second experiment. These results are shown in Figures 14^16. In general, the 
flow is quite symmetric about the tube axis. Symmetry is also observed in the 
turbulence field. Therefore, the test facility gives the flow conditions 
rquired by the experiment. 

2.4.5 Repeatability and Correctness of Measurements 

An indication that the measurements in the test section are quite repeat- 
able is provided by the results shown in Figure 12. Further evidence is 
obtained by repeating some measurements of the reported experiments in Sec. 
2.4.4. Although these results are not shown here, they, in general, show that 
the measured u is quite repeatable. This means that the flow established 
under fixed conditions is very stationary. Also, additional evidence of 
repeatability can be found from among the reported results in this report. A 
comparison of the measurements obtained at x/Dj * 1 and 40 for both the air 
and helium/air jet experiments are given in Figures 37-40 and 55-57. The 
results show that not only are the measurements of mean quantities repeatable, 
so are the measurements of the turbulent stresses. 
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A$ for the correctness of the neasareneats, a continuity check, as 
discussed in Sec, 4.1, reveals that the aeasured U(r)*s agree with each other 
to within the variation of the blower capacity for all experiments reported. 
This gives credence to the results and to the correctness of the flow 
quantities measured. 

2.4.6 Pressure Drop Measurement 

. . 

The experiment is designed to isolate the parameters pj/pa» 
for investigation at a fixed S. Therefore, the implicit assumption is made 
that either the pressure drop along the test section has very little effect on 
the flow phenomenon or different density jets do not significantly affect the 
pressure drop behavior in the flow region of interest. It is reasoned that 
since the swirl number of the flow is very high, the pressure field 
immediately downstream of the swirler is dominated by the swirling motion. 
Jets with small mass and axial momentum fluxes added to the flow will not be 
able to affect the flow to such an extent that the resultant mean overall 
pressure drop is significantly different from the case without a center jet. 
Also, viscous effects near the wall should remain relatively unaffected by the 
jets in a distance of x Z 3 Dj, especially when the jet velocity is high. If 
this is the case, then the measured pressure drop along the tube wall should 
be approximately the same for both helium and air jets set at the same 
velocity. Increasing the jet velocity would affect the level of the pressure 
drop; however, the basic trend should remain the same as the case without a 
center jet. 

In order to verify this conjecture, the axial wall pressure drop along 
the tube is measured for Oj « 0 and all the experimental conditions listed in 
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Table 8. The pressare drop is aieasared with reference to the static pressure 

upstream of the swirler. A pitot-static tube located at x/Dj = -2 is used to 

provide the reference static pressure, and the pressure drop is normalized 

with respect to measured by the pitot-static tube. The results are 

presented in Figure 17. It can be seen that the pressare drop behavior in the 

first 8 I>y is essentially dominated by the swirling motion. Therefore, the 

axial pressure drop behavior is not an important parameter in the flow under 

• • 

investigation. The parameters of importance remain to be Uj , Pj/pa Mj/M. 
In the next section, a program of experiments is outlined to study the effects 
of these parameters on isothermal mixing in a swirling environment. 


3 • THE EXPERIHENTAL PROGBAN 


For tho sake of clarity, the discasf^ion of the experimental program is 
divided into five parts. The first deals with the characterization of the 
confined swirling flow, while confined Jets is the topic of the second part. 
This is followed by a discussion of the test conditions for jets in swirling 
flow. The fourth part deals with air jets in swirling flow. Finally, heliun/ 
air jets in swirling flow constitutes the last experiment in this program, 

3,1 Confined Swirlina Plow 

This experiment is carried out to study isothermal flow characteristics 
downstream of the swirler (Figure 5), The center jet is turned off, so the 
flow in the test section (Figure 2) is purely a confined swirling flow. This 
and subsequent swirling flow experiments are conducted at a fixed upstream 
flow condition. The flow distribution upstream of the swirler is shown in 
Figure 10, Therefore, the Reynolds number based on U|^y and Dj is 5,49 x 10^. 
The measured turbulent intensity in the tube core of the upstream flow is ~ 
5,5%, Hence the flow approaching the swirler is fully turbulent. 

Since the test section is less than five tube diameters long, the swirl 
decay would not have been significant (Yajnik and Subbaiah 1973), However, as 
can be seen from the measured results (Table 3(a-d)), the turbulence field has 
undergone substantial change. Therefore, this set of data can be used as a 
basis for comparison with subsequent experiments on jets in confined swirling 
flow, and would allow the turbulent interaction effects between swirling flow 
and jets of different density gases to be delineated. Profile measurements of 
U, W, u' and w' are made at x/Dj « 1, 2, 3, 5, 7, 10, 14, 20, 28 and 40. This 
choice of x locations is selected so that they cover a tube distance of 2.75 
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Dt# approxiMtely half the length of an actual combustor. The x distance is 
normalized with Dj for easy comparison wivh subsequent measurenients. In 
addition* the centerline velocities such as * u', w^, at x/Dj = 1* 1.5, 2, 
2.5, 3, 4. 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 24, 28, 32, 36 and 40 are 
measured. For subsequent swirling flow experiments, if possible, the 
centerline and profile aeasurements are carried out at the same x/Dj 
locations • 

In this and all subsequent experiments with swirl, W^, the centerline 
circumferential velocity, is not measured, since it is identically zero. 
Another reason for not measuring is the difficulty of locating the laser 
measuring volume exactly at r == 0, because the accuracy in the r location 
measurement is r + .75 mm. Since the slopes of U, u', w* at r = 0 are 
essentially zero for axisymmetric flows, such an error in r has little effect 
on the measured U, u', w' near the centerline* However, the same is not true 
for V because of the rapid change with respect to r in the core flow. 

The results for Up, w' arc reported in Table 2, while the profile 
measurements are listed in Table 3(a'd). 

3.2 Confined Jets 


The confined swirling flow experiment nay provide a basis for evaluating 
the difference in flow behavior in the region of the tube away from the core. 
However, this knowledge alone is not sufficient to delineate the turbulent 
interaction effects between the jet and the swirling flow. Therefore, a 
knowledge of the behavior of isothermal confined jets in the present test 
section (Figure 2) is also required. In anticipation of the fact that gas 
jets of air and helium/air in confined swirling air flow are to be 
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inyestigated, three confined jet experinents are perfomed. One is with air 
and two are carried out with heliua/air issuing into stationary air in the 
test section. The conditions for the air Jet experinent are: Uj 66.8 n/s* 
Roj » 3.78 X 10^1 while those for the heliua/air jets are: Uj « and 36.S 
m/s, Pj/Pa * .228, Rej » 1.50 x 10’ and 2.97 x 10’, respectively. As 
explained in Sec. 2.4.2, the jets are fully turbulent in spite of the low Re j . 
This fact is borne out by the measurements reported in Tables 4-7. The two 
helium/air jet experiments also give some insight into the penetration of a 
lighter jet into a heavier fluid medium. 

Only U, u' and u' are measured in the confined jet experiments and 
these are obtained in the same x/Dj locations as before. If the jet 
terminates at a distance less than x/Dj - 40, the measurements are carried out 
to the point of termination only. The results for the air jet are reported in 
Tables 4 and 5, while the helium/ air jet measurements are tabulated in Tables 
6 and 7. 

3 .3 Test Conditions for Jets in Confined Swirling Flow 

The primary purpose of the present experiment is to study the effect of 
density difference on turbulent mixing in a swirling environment. In order to 
achieve this objective^ it is important to maintain all parameters, other than 
pj/pa« constant. This way, the effects due to density difference can be 
examined in detail. Air and helium are chosen for their large density 
difference. The geometry of the test facility is fixed and so is the swirl 
number. In a follow-on investigation, the swirl number will be changed to 
give the effects of swirl. As discussed in Sec. 2.4.2, the jets are made 
fully turbulent so as to eliminate the jet Reynolds number dependence. Also, 
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the apstream flow Re is aainCained constant for all experiments. Since it is 

• • 

not possible to maintain both Uj and Mj/M constant for different density gas 
jets, it is decided to configure the air and belium/air jet experiments so 
that in one case the Uj's are maintained approximately the same, while in 

e • 

another case, the ratio Mj/M is set as close to each other as possible for 
both air and helium/air jets. The different conditions for both sets of 
experiments arc summarized in Table 8. These experiments are all carried out 
at room temperature. 

3.4 Air Jets in Confined Swirlina flow 

Three air jet experiments are carried out. The conditions are listed in 
Table 8. For the Uj = 25.4 m/ s case, the Mj/M ratio is the same as the helium 
jet experiment with Uj = 66.8 m/s. These jet velocities are chosen to 
minimize the Mach number effect. For the highest jet velocity investigated, 
the jet Mach number is close to .45. However, this case is only chosen to 
illustrate the dependence of the initial jet decay on the Mj/M ratio. As a 
result, jet developnent in the x-direction is not investigated folly. 

The other two cases. Dj = 25.4 and 66.8 n/s. are studied in detail and 
the Beasurements include both U. W. n'. w' and U,. n^, w^ at the x/Dj 
locations picked out for the confined swirling flow experiaent. Tabulated 
results are given iS Tables 9-11. The D, , u* aeasureaents for the Uj = 152.8 
m/s case are given in Table 9b while the profile measurements of U, u' at x/Di 

J 

=2.9 and 27.4 are reported in Table 12. 

3.5 Helinm/Air Jets in Confined Swirlina Plow 

Only two experiments are carried out for the helina/air jet. The Uj's 
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chosen ere 16.8 ■/• end 36.5 m/e, respectively. Out of these two ceses, 
case has a Mj/M ratio equal to 1/2 of the air jet experiment. Therefore, the 
effect of density on tnrbnlent mixin( in a swirling environment can be 
examined in detail. The measurements of U, W, u', w' and U,, n^, w^ are again 
obtained at the same x/Dj locations, and the results are reported in Tables 
13-15. 
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4. DISCUSSION OF RESULTS 


The present study is the first part of a more complete investigation on 
isothermal mixing in an axisymmetric combustor. Therefore, it only reports on 
the fluid dynamics of the mixing phenomenon. Concentration distribution and 
the various turbulent flux measurements will be the subject of subsequent 
reports. The fluid dynamic properties reported in this study include both the 
mean flow behavior and the turbulent normal fluxes. These are limited to the 
measurements in the axial and circumferential directions only. Radial 
measurements are not made and therefore are not reported. In anticipation of 
the fact that these measurements could also be used to correlate turbulence 
models formulated for combustor flows, care is taken to report sufficient data 
at the inlet to the test section as well as at the outlet. However, due to 
test facility and diagnostic instrument arracgement, it is not possible to 
make measurements at x/Dj less than 1. Consequently, all measurements are 
made from x/Dj = 1 to x/Dj = 40. The last location is chosen because it 
corresponds to x/Dj = 2.75, which is about one-half the length of an actual 
gas turbine combustor. In a combustor, practically all reactions are 
completed at this point. Therefore, it is important to understand the mixing 
phenomenon at this location. 

The objective of this study is not on confined jet mixing with stationary 
environment. Therefore, detailed study of this phenomenon has not been 
carried out. Whatever measurements made will only be used to help explain the 
effect of density difference on mixing in a swirling environment. As such, 
the data obtained on confined air and helium/air jets will not be examined 
separately. Rather, they will be examined in conjunction with the data on 
jets in confined swirling flow. 
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With this in aind^ a clear presentation and discussion of the results can 
be made by dividing them into three separate sections: (1) confined swirling 

flow, (2) air jets in confined swirling flow and (3) helium/air jets in 
confined swirling flow, 

4.1 Confined Swirlim Flow 

Measured D velocity profiles at different x/Dj stations, including the 
upstream location (Figure 10), are integrated across the tube to give the 
volume flow rate at each location* Since there are no measurements 
closer to the tube wall than r = 59.5 mm for data downstream of the swirler, 
and r = 57*5 mm for data upstream, the integration is performed by assuming a 
linear velocity profile from this last point to U = 0 at the wall. Continuity 
is found to satisfy to within 7%. The average velocity, U, determined for the 
upstream flow is 6.8 m/s, while f the downstream flow, it varies from a low 
of 7.06 m/ s to a high of 7.65 m/s. This gives an average U of 7.04 m/s. This 
discrepancy between the measured U's could be due to variation in blower 
capacity. An effort has been made to determine the variation in blower 
capacity. It is found that the blower volume flow varies by as much as + 8% 
about its nominal value over a period of one week. The nominal volume flow 
corresponds to a nominal V^y of 7.26 m/s. Given this condition, the variation 
in measured D is not too surprising because the upstream flow is obtained at a 
different date compared to the downstream measurements. It is also possible 
that the inadequate measurements of ?T(r) near the wall for the upstream flow 
is another source of error for this discrepancy. Because of these 
discrepancies, it is better to present the D(r) velocity profiles in Figure 18 
with U(r) normalised by the local U. Therefore, the integrated volume flow at 
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e.ch station is nor«lized to one .nd continuity i. s.tiefied. The n*(r) end 
*'(D profiles ere also normalized by the local D (Figure 20. 21) j however. 

profiles (Figure 19) are normalized with the nominal of 7.26 n/s. 

The swirler is designed to give a swirling flow with a flow angle equal 
to 66* immediately downstream of the swirler. This is achieved, as can be 
seen from Figure 11. Therefore, the swirling flow can be said to be 

characterized by a swirl number of S = 2.25. Ibis is a very large swirl 

number and would lead to recirculation regions in the center of the tube. In 
the region investigated, that is 0 i x/Dt i 2.75. two recirculation regions 
ere observed; one very close to the swirler and one further downstream 
(figure 18). The one close to the swirler only extends to z/Dj = .1375. On 
the other hand, the second recirculation region starts at about x/Dt = 1 and 
extends to beyond z/Dj = 2.75. It is not at all clear why there is no 
recirculating flow between .206 < x/Dx < 1 (Figrre 18). Since the 0 measure- 
ments near the tube center are very small in the region x/Dx < 1. it is 
possible that measurement error could be the reason for the absence of the 
measured recirculation region in .206 1 x/I>x < 1. However, upon repeated 

Checking of the H measurements in this region, essentially the same result 
shown in Figure 18 is obtained. 
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center, as shown by the U(r) profiles at x/Dx = 1.375 to x/Dy - 2.75 (Figure 
18). The reverse flow conld have originated from downstream infinity. 

However, this is not the concern of the present investigation, since the test 
region of interest is ~ 3 I>r long only, corresponding to about one-half the 
length of an actual combustor. 

The fluid inside the test section rotates like a free vortex near the 
wall and like a solid body near the tube center. As a result, the presence of 
the center plate has little effect on the mean circumferential velocity 
(Figure 19) in the tube core (0 i r/R i .32). The slope of the solid-body 
rotation curve, C = W/r, at x/Dx = .069 is determined to be C T 811 s”! 
(Figures 19 and 38) . However, this decays to C 2 700 s"» at x/Dx = 2,75 
(Figures 38). A decrease in C is physically consistent because after the 
swirl has completely decayed, fluid rotation inside the tube has to be 
identically zero. The region covered by the measurements is not long enough 
to allow a decay rate to be established for C. But. judging from the 
measurements at x/Dx = ,069 and 2.75. one can conclude that the decay of C is 
quite rapid, at least in the initial period. This result does not agree with 
the measurements of Weske and Sturov (1974) j however, in their experiment, the 
swirl is one of solid body rotation from tube wall to ube center. 

The turbulence field produced by the swirler is not uniform. It has a 

peak at r/R 2 .75 and a plateau in the region .5 < r/B < .64 (Figures 20, 21). 
The plateau, of course, is the consequence of the center plate in the swirler. 
As the flow evolves downstream, the Initial change in slope of the U(r) 
profiles at r/E ~ .42 leaves a permanent mark on the turbulence field and the 
plateaus in the turbulence distributions eventually evolve into local maxima. 
Although the mean flow swirling motion is responsible for mixing the highly 
turbulent fluid near the wall with the fluid in the tube center and produces a 
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f.irly tmifor. turbalenco field .t x/Dj - 2.75 (Flgnret 20. 21), the peek, in 
u' end w' ere .till evident. Thi. i. prob.bly due to exce.eive local 
production of tnrbnlent energy eri.ing fro. the rapid change in slope of the 
U(r) profile at or near r/R Z .42. 

Nearly isotropic turbulence it produced by the swirler (Figures 20, 21) . 
This it true for the greater part of the test section except in the region 
x/I>r < .206. The reason is the iansediate downstrea. effect of the center 
plate on n. This anisotropic behavior decreases as the flow .oves downstream. 
At x/!>r - 2.75, the data show that n' r w* over the region 0 i r/R 1 1. 

4 .2 Air Jet Experiments 

As mentioned in Sec. 2.4.2. the volume flow through the jet is checked by 
two independent means. One is by measuring Uj using pitot-static probe at the 
jet exit plane and the other is obtained through a rotor-meter connected to 
the compressed air or helium supply line. Both techniques give a jet velocity 
accurate to ± 3% of the mean value. Therefore, the volume flow added to the 
tube due to the jet is fairly constant and ranges from 1.8% of the tube flow 
for the low velocity jet to 10% for the Dj = 152.8 m/s jet. This addition is 

fairly small and could not contribute to large variations in the volume flow 
in the tube. 

The surprise came when the velocity profiles in the jet experiments are 
integrated as discussed in Sec. 4.1 to give the volume flow and hence D at 
each measuring station. It is found that V for the Dj = 25.4 m/s case varies 
from a low of 6.23 m/s to a high of 7.79 m/s, a variation of 11% .bout the 
average value of 6.89 m/s. On the other hand, the maximum and minimum values 
for the Dj - 66.8 m/s case are 8.20 m/s and 6.57 m/s, respectively. This 
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gives a variation of 11% about the average value of 7.27 m/s. The variation 
is larger than the observed blower variation of + 8% about the mean, and 
cannot be explained away by the jet flow addition to the tube. However, 
repeat measurements give the same trend for the data but not necessarily the 
same values. Consequently, it is concluded that the volume flow variations 
have little effect on the trend of the data, except to change the level of the 
U(r) distributions. This difference in levels can be made to disappear if the 
normalized U(r) profiles are compared. Shown in Figure 37 are the U(r)/U 
profiles, at x/Dj = 1 and 40 for the air jet experiments. It can be seen 
that, except in the jet region, the profiles are in excellent agreement with 
each other. In view of this, the U(r), u'(r), w'(r) profiles arc again 
normalized with the local D before presenting in Figures 28, 30-32, 34, 35. 
As for the W(r) profiles, they arc again normalized with respect to the blower 
nominal U^y of 7.26 m/s. These are shown in Figures 29 and 33. 

Before presenting the results of the air jet in swirling flow exper- 
iments, it is instructive to examine the behavior of the confined air jet. 
For confined jet flows, two limiting behaviors can be identified dependent on 
the test facility geometry. If the jet is issued into a confinement the 
cross-sectional area of which is not too large compared to the jet cross- 
sectional area, then the resultant flow downstream of the jet exit can be 
expected to resemble that found in flow through a sudden expansion (Eaton and 
Johnston 1980j Janjua et al 1983). As a result, recirculation regions would 
occur near the corners and flow reattachment is expected at ^ 10 step height 
downstream. No definitive value of the confinement to jet area ratio has been 
determined for such flow to occur. However, from the recent study of Janjua 
et al (1983), it seems that an area ratio as large as 4 still gives rise to a 
flow behavior similar to that found in sudden expansion. On the other hand. 
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if the area ratio is very large* the flow behavior downstreaa of the jet exit 
should rese«ble that of a free jet* The jet growth* of course* will be 
affected by the resultant axial pressure gradient created as a result of the 
confinement* However* the general features of the jet should be quite similar 
to those of free jets* One point is not clear though. That is* at what area 
ratio can one expect the flow behavior inside the confinement to change from 
sudden expansion flow to free jet flow. The confined air jet results arc 
studied with this in mind* 

The measured U(r) and uMr) are shown in Figures 22 and 23* It can be 
seen that the jet-like behavior disappears quickly in the flow inside the 
tube, and a fairly uniform D profile is obtained at x/Dj = 14 (Figure 22)* A 
recirculation region is observed between x/Dj = 3 and 10* Therefore* the flow 
behavior resembles that of a sudden expansion flow* even though in this case 
the area ratio is - 206* The turbulence intensity u' also decays quickly to a 
fairly uniform distribution at x/Dj = 14 (Figure 23)* which is indicative of a 
sudden expansion flow. 

The reason for this behavior is not quite clear* However* the following 
explanation can be offered for consideration* Stationary fluid inside the 
tube is being pushed by the incoming jet fluid* Because of the confinement 
and the large amount of fluid to be pushed by the jet* the resistance 
encountered by the jet is very large* As a result* the Jet has to do work on 
the body of stationary fluid and its momentum is quickly dissipated* The body 
of fluid is set into motion by the action of the jet and at some distance 
downstream* the fluid in the tube would achieve a velocity equal to Uj/area 
ratio* For the present experiment* that velocity would be ^ *32 m/s. This is 
essentially achieved in the region measured (Figure 22)* The highly 
dissipative nature of the flow is also reflected in the u' measurements. In 
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spito of the high turbalent energy production associated with the large U(r) 
gradient, the turbulence intensity is seen to decay very quickly. Therefore, 
the dissipation rate of k has to be much larger than the production rate of k. 
It is this highly dissipative behavior that distinguishes the present confined 
jet flow from a sudden expansion flow or a free jet flow. 

The decay of 0, in the presence of external swirl for the Dj » 0, 25.4, 
66.8, 152.8 m/s cases are shown in Figure 24. Shown also for comparison i* 
the decay of the confined air jet in the absence of external swirl. It can be 
seen that the jet decay is very rapid and is substantially different from that 
of a free jet. A potential core region, where 0, is essentially constant, is 
practically non~existent for all the jets tested with or without external 
swirling flow. However, the decay of the jet in the absence of external swirl 
is quite a bit slower than in the presence of external swirl, at least in the 
region. x/Dj < 10, of the jet. The reason for this is rather clear. When 
swirl is present, the core flow rotates like a solid body and hence offers 
even more resistance to the jet flow. This increase in resistance leads to an 
even more rapid dissipation of the jet momentum and. in turn, leads to a 
faster disappearance of the jet. Therefore, the flow behavior is highly 
dissipative and the turbulence field of the swirling flow is not expected to 
be substantially affected by the jet. The reverse flow region near the tube 
center hat completely disappeared (Figure 24). This result is not surprising, 
because the introduction of the jet is equivalent to adding more axial 
momentum to the swirling flow. The effective swirl number in the flow 

therefore decreases and this, in turn, leads to the disappearance of the 
recirculation region. Of course, the added mats flux of the jet will increase 
D, of the twirling flow. 

A more precise way of examining the decay of the jots it to replot the 
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resalts as shown in Pignre 25. Hors, Oj/0, is plotted versus x/Dj . With the 
exception of s region bounded by 0 i x/Dj ± 2, the jot docsy is essentislly 
inversely proportional to x/Dj, or 0, a x“». The slope of the curve Dj/U^ vs 
x/Dj for the jet in the absence of external swirl is clearly seen to be 
SBSller than the cases with external swirl. However, its slope is seen to 
increase rapidly after x/Dj « 10. Jet decay in the presence of external swirl 
can be divided into two regions. The first is an initial region cornnon for 
all jot velocities and the extent is a function of the jet velocity, Dj, or 

• • we 

the ratio Mj/M. Of coarse^ the larger Uj or Mj/M, the longer is this region 
because it would take longer to dissipate the initial momentua of the jet. 
The second region has a much smaller slope because the flow is essentially one 
of swirling flow in a tube for the two cases of Dj = 25.4 m/s and 66.8 m/s. 
Within experimental measurement error, it can be seen that the slope of the 
decay curve, Uj/U^ vs x/Dj , for the second region is the same for the two 
cases tested. Again, the extent of this region is a function of the jet 
velocity. For a given external swirling flow, the jet velocity or momentum 
essentially controls the jet decay behavior and the extent in which this 
behavior would last. 

If the aforementioned conjecture concerning the highly dissipative nature 

of the flow is true, then one would expect u' and w' to decay rapidly to the 

confined swirling flow level in a fairly short distance. The results for u' 

0 

presented in Figures 26 and 27 > respectively, and they clearly show 
the rapid decay anticipated. For u^. the distance taken by u' to reach the 
level typical of the confined swirling flow is dependent on the initial Uj or 
Mj/M (Figure 26). Also, u' decays much faster in the presence of external 
swirl. Again, the reason is due to the increased resistance of the flow 
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arising from tbo solid-body rotation behavior. As a result, the flow is even 
more dissipative. For jets with very large Uj or Mj/M, decays to the level 
of the confined swirling flow at x/Dj r 40 or x r 3Dx. 

While the decay of u' is a function of Dj, the decay of w^ is not (Figure 
27). The results show that for both the Oj = 25.4 n/s and 66.8 m/s jets, w^ 
decay is complete at ~ 20 Dj . This is not true for the mean velocity 0^, 
though, because at x/Dj = 20, the jets are still in the second stage of decay 
(Figure 25). The jet-like behavior in the tube center disappears for all jets 
tested at x/Dj 2 30 (Figures 28, 32, 36). Therefore, it can be observed that 
the jet effects are practically negligible by the time the flow reaches x/Dj r 
30, in spite of the fact that n^ for the Dj = 152.8 m/s jet is slightly higher 
than the u' of the confined swirling flow. However, u'(r) at x/Dj 2 27 
(Figure 36) is fairly uniform and resembles that shown in Figure 20. 

The normalized profiles of D(r), W(r), u'(r) and w'(r) for the two Hj = 
25.4 m/ s and 66.8 m/ s jets and the dimensional profiles of 0 and u' for the Dj 
= 152.8 m/s jet are presented in Figures 28-36. Mean D(r) and the turbulence 
profiles are normalized with the local D determined from the D(r) measurements 
at each x/Dj locations. It can be seen that the recirculation region in the 
tube core has completely disappeared even for the case where Mj/M = .071. 
This shows that a small amount of axial momentum (7% or less) applied in the 
form of a concentrated jet is enough to eliminate the recirculation region in 
a high swirl number flow (Figures 28 and 32). The finite D velocity at the 
centerline of the tube is just a consequence of the added mass flow introduced 
by the jet. Except for variations in the region around the jet, the 
normalized D(r) profiles at different x/Dj locations for the three cases, Dj = 
0, 25.4, 66.8 m/s, are essentially identical (Figures 18, 28, 36). A 
comparison of the profiles at x/Dj = 1 and 40 is more clearly shown in Figure 
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37. Not only does Figaro 37 show the invorinnt notaro of the flow in the 

tabe. it also gives credence to the cUin that the aeatareaents are very 
repeatable. 

When the jet noaientoa is only ~ 7% of the swirling flow axial Bomentna, 
the jet has little effect on the W(r) distributions. The slopes of the W(r) = 
Cr carves in the core still decays from C 2 811 s“» at x/Dj * 1 to C r 700 s“* 
at x/Dj = 40 (Figures 19. 29, 38). Once Mj/M gets up to about .5. the solid- 
body rotation behavior in the inner region of the core is substantially 
affected by the jet (Figures 33 and 38). However, this effect altogether 
disappears when the flow reaches x/Dj = 40 (Figure 38). The reason for this 
is the strong axial moaentan of the fluid at the tube center which acts to 
prevent the fluid from rotating. This, of course, violates the inner boundary 
condition for an axisymmetric swirling flow and leads to the near infinite 
slope for the W = Cr curve very near the center of the tube. Far away froB 
the tube center, W = 811r can again be used to describe the solid-body rota- 
tion at x/Dj = 1. The extent of the jet influence is not large. It varies 
from 0 ± r/R < .15 at x/Dj = 1 to essentially zero at x/Dj = 28 (Figure 33). 

The behavior of the turbulence field can be clearly identified into two 
regions for discussion; a jet region that extends to r/R r .25 and a tube 
region bounded by .25 < r/R i 1 (Figures 30. 31. 34. 35. 39, and 40). It 
seems that the jet has little or no effect on the flow in the tube region 
because the turbulence levels and the isotropic behavior of the turbulence 
field in this region are preserved. Therefore, irrespective of the amount of 
jet momentum input to the swirling flow in the tube, the turbulence field in 
the tube region remains unaffected. This is ample evidence that the flow is 
highly dissipative. Of course, the flow and turbulence field in the jet 
region are very much dependent on the initial jet momentum. Even then, the 


42 


jet region completely disappears by the time the flow reaches x/Dj ~ 14. This 
behavior is very similar to the confined jet behavior observed earlier* After 
x/Dj = 14, complete similarity of the turbulence field is observed for all air 
jet experiments. Not only that, the isotropic behavior of the flow is also 
very evident with or without the center jets. The repeatability of the 
turbulence measurements at x/Dj = 1 and 40 is agian demonstrated by the 
results shown in Figures 39 and 40. These results are very comforting because 
they reassure the accuracy of the present measurements and the technique used. 

4.3 Helium/Air Jet Experiments 

If the average swirler upstream velocity is taken to be 6.8 m/ s as 
discussed in Sec. 4.1, the mass flow rate through the test section in the 
aosence of any jet is ^ 103 gm/s. The mass flux addition to the test section 
due to air jets are respectively 4.8 gm/s and 1.8 gm/s for Uj = 66.8 m/s and 
25.4 m/s. For helixun/air jets, the mass fluxes are .50 gm/s and .31 gm/s, 
respectively, for the high and low jet velocities. In view of this small mass 
flux addition to the entire flow, the continuity check in the helium/air jet 
experiments is performed without taking this mass flux addition into account. 
The high, low and mean U found for the Uj = 16.8 m/ s helium/air jet is 7.70 
m/s, 6.75 m/s and 7.05 m/s, respectively. For the Uj = 36.5 m/ s helium/air 
jet, the corresponding values are 7.83 m/s, 6.57 m/s and 6.97 m/s, 
respectively. These results are quite consistent with the air jet 
experiments. Consequently, the helium/air jet U(r) measurements are 
normalized in the same manner as discussed in Sec. 4.1 and are shown in 
Figures 47 and 51. Distributions of u'(r) and w'(r) normalized by U and W(r) 
profiles, normalized by U^y = 7.26 m/s arc shown in Figures 48“50 and 42-54. 
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highly dissipative nature of the confined jet flow dominates, then the jet 
would have disappeared long before the buoyancy effects could have taken hold 
on the flow according to (10). Therefore, in the confined helium/air jet 
experiment, the flow phenomenon could be further complicated by the 

introduction of buoyant acceleration. In order to maximize the effects of 
buoyancy and at the same time decrease the dissipation rate, it is decided to 
investigate the Dj ^ 16*8 m/s helium/air jet in detail rather than the high 
velocity helium/air jet. The results are shown in Figures 41 and 42. In 
spite of this, the centerline decays of both jets are also measured. Center- 
line measurements of and u' are shown in Figures 43-45. 

It can be seen that the jet centerline velocity decreases rapidly from 
16.8 m/s at x/Dj = 0 to about 1 m/s at x/Dj = IO 5 the same kind of rapid decay 
is observed in the air jet experiment (compare Figure 41 to 22) • This is too 
short a distance for the buoyancy effects to take hold on the fluid. 

Consequently, increased mixing due to buoyancy is not observed and the turbu- 
lence intensity of the jet decreases rapidly as a result of high dissipation 
in the flow (Figure 42). This rapid decrease in u' is clearly shown along the 
jet centerline (Figure 45). Basically, therefore, the behavior of the 
confined helium/air jet is similar to that of the confined air jet even though 
there is a large density difference between the jet and the surrounding fluid. 
In the case of the air jet, the final velocity attained by the fluid inside 
the confinement is Uj/^area ratio). For a helium/air jet, this velocity is 
further reduced by the density ratio so that it becomes approximately 
Uj(pj/pa)/(area ratio). If Dj » 16.8 m/s, the final velocity of the air 

inside the tube is .025 m/s. At x/Dj * 16. the measured is .043 m/s, 

or about twice the terminal velocity. For the confined air jet experiment, 
at x/Dj «= 16 is 1 m/s (Figure 24) • which is about three times the terminal 
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velocity of .32 m/s. Since the jet momentoa in the eir jet experiment it - 53 
times that of the hellom/eir jet experiment, it it reasonable to expect a 
longer decay to terminal state for the air jet experiment. The centerline 
measarements shown in Figure 43 for the helinm/air jet at Uj = 36.5 m/s also 
reveal that it takes longer for this jet to decay to the terminal state. 

Centerline velocities of the helium/air jets are shown in Figure 43. The 
results for the helinm/air jets in confined stationary air are also presented 
for comparison. Dnlike the results shown in Figure 24 for the air jets, the 

helium/air jets actually decay faster in the absence of swirl. This behavior 

can be explained by the following physical reasoning. In the presence of 

swirl, the lighter heliun/air mixture is confined by heavier swirling air. An 
inward radial pressure gradient acts on the fluid particle to balance the 
outward angular momentum. Thus, a helium particle displaced outward to the 
surrounding air and carrying with it the original angular momentum will be 
prevented by the radial pressure gradient at the new location from further 

migration outward. As « result, mixing is hindered. Such a mechanism is not 

present in the absence of external swirl. This, therefore, accounts for the 
slower decay of helium/air jets in the presence of swirl. 

In order to compare the hdium/alr jet decay to that of the air jets, the 
D, data are replotted to show D,/U, vs x/Dj in Figure 44. Shown also ar, the 
two decay curves for the air jets. The helium/air jets also decay ir two 
stages. The decay in both regions again obey the law D, o x"i and the slcp^, 
of these decay curves, to within experimental measurement error, are 
essentially the same for both the 16.8 m/s and 36.5 m/s jets. However, the 
slopes Of the curves for both the first and second stages of decay are 
substantially smaller that the corresponding slopes for the air jets. 
could possibly argue that the slower decay i, due to the much smaller jet 


46 


p' 


moBontum injected into the swirling flow. This, in turn, leads to less 
dissipation of the jet. However, this line of reasoning is not quite valid, 
because the heliuis/air jet with about the same momentun as the air jet still 
decays at a slower rate than the air jet. The same is also true of helium/air 
and air jets with about the same jet velocity. Therefore, the only physical 
reason that can account for this difference in behavior between the helium/air 
and air jets is the combined action of swirl and density difference. It is 
also interesting to note that the decay rate of heliun/air jets in the absence 
of swirl is essentially the same as the initial decay rate of the confined air 
jet investigated (compare Figures 25 and 44). 

Another consequence of the decrease in mixing between the jet fluid and 
surrounding air is the eventual levels of u* and w^ reached by the 16.8 m/s 
and 36.5 m/ s helium/ air jets (Figures 45 and 46). Unlike the air jet cases, 
the eventual levels reached by u^ and w^ are not the same for all jets tested. 
The result actually reflects the continued presence of the jet in the flow 
because u^ and w^ for the high velocity jet is 50-100% higher than those for 
the low velocity jet. In spite of this, the near isotropic behavior of the 
turbulence field in the central core of the swirling flow is still preserved 
(Figures 49, 50, 53, 54). 

Unlike the case of the air jets, the jet-like behavior of the flow in the 
tube core is clearly visible for both 16.8 m/s and 36.5 m/s helium/air jets 
(Figures 47 and 51). In addition, recirculating flow region is observed 
between the jet region and the external swirling flow. The existence of this 
region does not seem to depend on the initial jet velocity or momentum, and 
the size of this region is about the same as that found in confined swirling 
flow without any central jet. It seems that the recirculating flow region is 
being displaced by the jet from the tube center to the edge of the jet. This 
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observed behavior is a strong indication that jet mixing with the surrounding 
air is very much impeded. The controlling mechanism is, of course, due to the 
combined effects of density difference and swirling motion of the air 
particles. The behavior seems to be independent of the jet velocity or 
momentum. Of course, the swirl number, S, and the density ratio, pj/p^, are 
important parameters. For small S and large pj/p^# one would expect the jet 
velocity or momentum would also become an important factor in determining the 
resultant flow field. Another conseque:\ce of the strong swirl and small Pj/Pg 
is the near constant width of the jet after x/Dj 2 20. As a matter of fact, 
the jet width first increases and then decreases until the width becomes 
constant (Figures 47 and 51) • Therefore, the main factors that cause the 
difference in behavior between the air and helium/air jets are those due to S 
and Pj/Pg* One could thus speculate that, for a given S, the jet would 
dissipate faster if Pj/pg > 1# compared to the air jet case where Pj/pg = 1* 

The behavior of W(r) seems to depend very much on the jet velocity and 
not at all on the jet momentum (Figures 48 and 52). While the jet momentum 
for the 36.5 m/s helium/air jet is -- 1/2 of that for the 25.4 m/ s air jet, the 
W(r) profiles, especially in the core region where solid body rotation 
behavior persists, are similar to those obtained for the 66.8 m/ s air jet. On 
the other hand, the W(r) profiles for the 16.8 m/s helium/air jet are very 
similar to those obtained for the air jet at about the same Uj (compare Figure 
52 with 29). In addition, the f(r) profiles at x/Dj = 40 for the air jet 
cases with Uj » 0 and 25.4 m/s and for the helium/air jet case with Uj = 16.8 
m/s are practically identical (Figure 57). In the air jet experiment, the 
distortions of the W(r) profile in the core region are completely erased by 
the time the flow reaches x/Dj - 40 (Figure 38). However, this is not true 
for the heliom/aiV jet. Due to the decrease in mixing activity, the 
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distortion in the W(r) profile is still visible, even st x/Dj = 40 (Figures 48 
end 57) . 

The near uniform distributions of u' and w' across the tube in the air 
jet experiments at x/Dj = 40 are not seen in the helium/air jet experiments 
(Figures 49 and 50). This is a consequence of the decreased mixing between 
the jet fluid and the surrounding swirling air. As a result, u', w' profiles 
in the core region resemble those seen in jets, while the profiles far away 
from the core resemble those found in wall flows; that is u', w' reach a 
maximum near the tube wall and decrease away from the wall. In the present 
results, the tube region with the lowest level of u' w' corresponds to the 
location where the center plate is found in the swirler (Figures 49 and 50) . 
This behavior is seen also, but to a lesser extent, in the 16.8 m/s helium/air 
jet experiment (Figures 53 and 54). However, the measured u', w' are quite 
similar and the turbulence field is close to isotropic behavior. 

The implication of all this is that, for combustors with swirling flow 
design, unless something is done to mix the product gases downstream of the 
first half of the combustor, the temperature and velocity profiles at the 
combustor exit will not be uniform. Dilution air jets located near the exit 
end of combustors actually serve two purposes. Besides lowering the gas 
temperature, they also serve to thoroughly mix the product gases and air and 
give rise to a uniform temperature and velocity distributions at the combustor 
exit. 
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5. CONCLUSION 


Based on the results presented in Sec. 4, the following conclusions can 

be dra^rn. These are: 

(I) Confined Swirling Flow 

(1) A recirculation region exists in the core of the tube. For the 

particular swirl nujnber, S = 2.25, the recirculation region starts at 

approximately one tube diameter downstream of the swirler. 

(2) The swirling flow has very little decay, except in the solid-body 
rotation core, where the slope of W(r) decreases from 811 at x/Dj * 1 
to 700 s“i at x/Dj = 40. 

(3) The initial high turbulence intensities, u' and w', near the tube wall 

quickly decay to the level in the tube core. This occurs in a distance 

less than three tube diameters. 

(4) Judging from the measurements of u' and w'. it can be seen that the 
swirler produces fairly isotropic turbulence. This isotropic property is 
preserved through the region measured. In addition, the turbulence 
becomes fairly uniform at about three tube diameters. 

(II) Air Jets in Confined Swirling Flow 

(1) Jets in confined flow with large area ratio are highly dissipative. This 
is because the jet momentum has to work against large resistance in the 
fluid due to confinement. 

(2) Jet decay in a confined swirling flow environment can be delineated into 
two regions. In both regions, decays like x”»; however, the slopes 
are different. The initial decay has a much larger slope than the final 
decay. It is also found that for a given axial momentum of the swirling 
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flow the extent of each region is a strong function of the jet fflomentum. 

(3) In all air jet cases investigated, the jet is completely dissipated in 
about 30 jet diameters or about two tube diameters downstream of the 
swirler. This, however, is independent of the jet momentum. 

(4) The jets do not affect the slopes of W(r) in the solid-body rotation core 
when the jet momenta are small compared to the axial momentum of the 
swirling flow. This is no longer true when the jet momentum is about 
one-half of the swirling flow axial momentum. However, after the jet has 
been completely dissipated, the W(r) slope of the solid-body rotation 
core becomes the same as the case without any center jet. 

(5) The decay of the W(r) slope in the solid-body rotation core from x/Dj = 1 
to 40 is the same with or without air jets in the tube center. 

(6) The jet augments the turbulence field only in a small region surrounding 
the jet. Beyond this region, the turbulence field is essentially the 
same as that in the confined swirling flow* 

(7) In spite of the large jet momentum imparted to the flow, the turbulence 
field at x/Dj = 40 is essentially the same for all air jet cases investi- 
gated. Therefore, dissipation of the turbulence field in the region 
1 ^ x/Dj 40 is very rapid, and is essentially controlled by the extent 
of the confinement. 

(8) For the particular swirler investigated, near isotropic behavior and 
uniformity of u' and w' at x/Dj = 40 for all air jet cases investigated 
are observed. 

(Ill) Helium/Air Jets in Confined Swirling Plow 

(1) Helium/air jets in confined flow are also highly dissipative. However 
the rate of dissipation is a function of the jet momentum. In the two 
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cases investigated, the distance the jets take to reach terminal state is 
< 30 Dj and is about the same as that observed in confined air jets* 

(2) In the presence of external swirl, the jet is preserved to beyond 
i/Dj = 40. 

(3) While the recirculation region in the swirling flow is destroyed by the 

introduction of an air jet along the tube centerline, such is not the 

case when the jet fluid is lighter than air. Instead, the recirculation 
region is embedded between the jet and the external swirling flow* 

(4) Since all the parameters, except the jet fluid density, governing the 

flow are the same, the difference in behavior between the air and helium/ 
air jets is directly attributed to the combined action of swirl and 

density difference between the jet fluid and the external flow* 

(5) The major mechanism is the radial pressure gradient which, in the case of 
a lighter fluid, acts to prevent the light fluid from diffusing outward 
to mix with the external heavier air. For air jets, since the density of 
the jet and external fluid is the same, the radial pressure gradient does 
not hinder mixing of the jet fluid* 

(6) This behavior is also observed even when the jet momentum is < 1% of the 
swirling flow axial momentum. The predominance of the radial pressure 
gradient effect on isothermal variable density mixing is borne out* 

(7) Because of this effect, uniformity of u' and w' distributions at z/Dj = 
40 cannot be achieved* As a result, the peaks observed in u* and w* in 
the jet and near wall regions at x/Dj = 1 are also visible at 
x/Dj = 40* 

(8) At low helium/air jet velocity, the W(r) distributions in the solid-body 
rotation core are not affected by the jet* Consequently, they are 
similar to those measured for the air jet experiments. 
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(9) At high helina/air jet velocity, the solid-body rotation core W(r) 
distributions ere totally different. The reason for this is not known. 
It could be due to the hindrance of mixing that prevents the initially 
disturbed W(r) from recovering to the confined swirling flow W(r) 
distribution at x/Dj = 40. 

(IV) Overall 

(1) Swirling motion is an effective way of promoting mixing and this is 
especially the case for flows with a large swirl number. Therefore, the 
concept is most suitable for combustor design. 

(2) However, uniform mixing can only be achieved if, and only if, the mixing 
gases have the same density. 

(3) Since the density of the combustion products in a combustor is usually 
much lighter than that of the surrounding air, the present results show 
that uniform mixing in a combustor cannot be achieved without the help of 
strategically located dilution air jets in the combustor. 

(4) The present investigation offers a reasonable explanation for the 
observed decrease in combustion efficiency in solid fuel ramjets subject 
to spin and for the requirement of dilution air jets at the exit end of 
gas turbine combustors. 
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6. FUKTHER WORK 


The present investigation gi/es a fairly complete and detailed account of 
the fluid dynamics behavior of different density gas jets in confined swirling 
flow. However, there are still many questions concerning the turbulence field 
behavior that need addressing. For example, it would be very beneficial to 
the present study if the dissipation rate of turbulence can be measured. This 
knowledge could help explain the highly dissipative nature of the flow 
observed in the experiments. Turbulent flux measurements of both mass and 
momentum would provide valuable information on the diffusion process and the 
effects of pj/pj, and S on this process. In addition, the measurements could 
also be used to evaluate turbulence models for scalar transport and the 
calculations of swirling flows. The effects of varying S on the behavior of 
the helinm/air jets are also of interest. In view of this, the following 

program of work is presently being carried out as a continuation of this 
study. 

(1) A similar experiment is underway with a different swirler. where S < 1. 

(2) An experiment to measure the concentration field in the present set-up is 
also underway. Quantities to be measured include the statistics of the 
concentration plus its probability density function. The present results are 

used to guide the selection of measuring locations for the conceutration 
experiment . 

(3) Having determined both the velocity and concentration field charac- 
teristics. the measurement of the turbulent mass and momentum flux distri- 
butions at selected locations will be carried out. The first attempt will 
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rely on the use of LDA and hot-wire concentration probes. A second attempt 
will be made with LDA/Raman or LDA/Rayleigh scattering technique. 

(4) A fourth experiment is to study the dissipative nature of confined air 
jets. Hot-wire or LDA technique will be used to measure the terms in the 
dissipation rate function^ in addition to the measurement of turbulent 
stresses. This experiment will be carried out for at least two different jet 
velocities. 
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Figure 3. Details of Swirler Geometry. 
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Fiqure 14. Symmetry Check on Flow 
at x/Dj = 4.3; Uj = 58 
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Figure 18. Evolution of li Distributions for the Uj - 0 Case 
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Figure 24. Distribution of Mean Centerline Velocity 
for the Air .let experiments. 








Figure 26. Distributions of Centerline u‘ for the Air Jet Experiments 







Figure 27. Distributions of Centerline w' for the Air Jet Experiments 




Figure 28. Evolution of U Distributions for the L). = 25.4 m/s Air Jet Case 










Figure 30. Evolution of u' Distributions for the U- = 25.4 m/s Air Jet Case 
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Mqure 31. Evolution of w' Distributions for the U- = 25.4 m/s Air Jet Case. 
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Fiqure 32. Evolution of U Distributions for the U. = 66.8 m/s Air Jet Case 
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Figure 36. Distributions of U and u' at Two Locations for the 
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Figure 37. Comparison of U Distributions at x/Dj 1 and 40 
for the Air Jet Experiments. 
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Figure 44. Helium/Air Jet Decay in Confined Flow 
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Figure 51. Evolution of U Distribution for the U. = 16.8 m/s Helium/Air Jet Case 
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TABLE 1. tall Pressure Drop Neesureaeats for Air tad Heliua/Air Jets 
in Co&fiaed Swirling Flow* 
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1.31 

1.32 

1.21 

1.25 

1.20 

1.21 

1.10 

1.04 

1.24 

1.42 

1.48 

1.39 

1.33 

1.34 

1.22 

1.24 

1.22 

1.14 

1.25 

.35 

1.57 

1.51 

1.40 

1.36 

1.31 

1.35 

1.51 

1.24 

1,37 

1.42 

1.52 

1.55 

1.47 

1.40 

1.31 

1.43 

2.54 

1.49 

1.68 

1.59 

1.59 

1.60 

1.58 

1.39 

1.37 

1.35 

2.48 

1.65 

2.02 

1.82 

1.57 

1.57 

1.50 

1.36 

1.35 

1.38 

2.49 

1.81 

2.45 

2.13 

1.74 

1.49 

1.48 

1.27 

1.28 

1.29 

2.62 

1.94 

2.69 

2.26 

1.79 

1.42 

1.35 

1.23 

1.20 

1.27 

2.65 

2.14 

2. 56 

2.25 

1.85 

1.42 

1.26 

1.06 

1.11 

1.18 

2.86 

2.34 

2.38 

2.14 

1.80 

1.55 

1.19 

.966 

1.16 

1.17 

3.20 

2.67 

2.47 

1.97 

1.67 

1.56 

1.32 

1.09 

1.15 

1.22 

1.61 

2.20 

2.27 

1.92 

1.56 

1.43 

1.31 

1.17 

1.27 

1.28 

.645 

1.78 

2.20 

1.84 

1.45 

1.45 

1.22 

1.32 

1.43 

1.32 

.710 

2.05 

2.14 

1.75 

1.49 

1.28 

1.07 

1.45 

1.51 

1.39 

.739 

2.14 

2.22 

1.65 

1.44 

1.22 

1.12 

1.32 

1.65 

1.33 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 
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TABLE 5b. Velocity Measareaents of Confined Air Jet 




7 



10 

r(BB) 

V(m/s) 

u' (m/a) 

r(ma) 

0(m/s) 

uUm/s) 

0 

9.93 

3.64 

0 

5.01 

3.19 

2 

9.56 

3.41 

2 

4.94 

3.12 

3 

8.34 

3.34 

4 

3.81 

3.05 

5 

7.54 

3.13 

6 

4.03 

2.76 

8 

5.38 

2.77 

8 

3.56 

2.53 

10 

4.31 

2.37 

10 

3.27 

2.70 

13 

2.82 

2.19 

12 

2.77 

2.31 

15 

2.22 

1.91 

14 

1.90 

2.00 

18 

.938 

1.46 

16 

1.56 

1.85 

20 

.798 

1.33 

18 

1.30 

1.73 

23 

.239 

1.06 

20 

1.46 

1,59 

25 

.211 

.956 

22 

1.13 

1.53 

28 

-.170 

.818 

24 

.740 

1.31 

30 

-.301 

.807 

26 

.790 

1.30 

33 

-.301 

.737 

28 

.690 

1.59 

35 

-.382 

.726 

30 

.390 

1.26 

40 

-.511 

.615 

32 

.340 

1.13 

45 

-.593 

.614 

34 

.370 

1.11 




















TABLE 8. Flow Conditions of Jets in Confi 
Re X 10"* = 54.90. The Tenperat 
Equal to Room Temperature. 


Parameter 

Pj/Pa 1 

Uj (m/s) 25.4 

Re{ X 10"* 14.38 


Air Jet 


1 

66.8 

37.82 


068 


475 


Swirling Air Flow) 
of Jet Gas is Set 


Heliuffl/Air Jet 


1 

152.8 

86.51 

2.48 


.310 

16.8 

1.50 

.009 


.228 

36.5 

2.97 

.032 
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ORIGINAL PAGii S3 
OF POOR QUALITY 

TABLE 9a. Centerline Neasureaents of Air Jets in Confined Swirling Flow 


1 

25.4 (a/s) 

U«(ai/s) 

«»i(a/s) 

w^(m/s) 

7.89 

3.88 

1.91 

7.40 

3.40 

1.85 

6.50 

3.10 

1.85 

5.70 

2.80 

1.69 

4.15 

2.72 

1.32 

3.11 

2.16 

1.27 

2.88 

1.56 

1.25 

2.64 

1.39 

1.11 

2.35 

1.30 

1.03 

2,30 

1.20 

.96 

2.17 

1.25 

.98 

1.99 

1.11 

1.02 

1.76 

1.15 

1.11 

1,45 

1.09 

.98 

1.36 

1.09 

.94 

1,21 

1.11 

1.05 

1.14 

1.10 

1.01 

1,0*' 

1.04 

1.01 

.715 

1.03 

.914 

.529 

1.08 

.850 

.531 

.988 

.911 

.351 

1.01 

.852 


Dj = 66.8 (m/s) 


22.65 

19.10 

16.03 

14.30 


















TABLE 10b. Velocity Me»»iixe«eiits of Air Jete in Confined Swirling Flowt 


Dj - 25.4 «/ s . 


t 


0 

0.5 

2.5 

5.5 

7.5 

10.5 

12.5 

15.5 

17.5 

20.5 

22.5 

25.5 

27.5 

30.5 

32.5 

35.5 

37.5 

40.5 

42.5 

47.5 

52.5 

55.5 

57.5 

59.5 
2.5 


1 

2 


0 

0 

1.45 

1.29 

2.70 

1.64 

4.23 

2.17 

5.74 

3.44 

7.90 

5.69 

9.63 

7.62 

11.87 

10.82 

13.96 

12.97 

15.94 

15.74 

16.89 

17.27 

17.20 

18.20 

17.80 

18.30 

19.31 

18.20 

19.30 

18.10 

19.50 

18.10 

19.83 

18.20 

20.99 

19.04 

21.56 

19.45 

22.50 

19.84 


0 

1.20 

1.90 

1.94 

3.07 

5.40 

7.85 
10.20 
12.60 
16.00 

17.50 

18.85 
19.00 
18.70 
18.10 
18.11 

18.50 
18.80 
19.30 
20.10 


7 10 14 20 28 40 

W (■/») 


0 0 0 0 
2.10 1.54 1.02 1.32 

2.26 2.04 1.71 1.85 

3.24 3.37 3.05 3.02 

4.52 4.58 4.46 4.44 

6.97 6.77 6.68 7.12 

9.20 8.35 8.36 8.76 

12.27 10.73 11.01 11.74 

14.30 12.33 12.63 13.70 

17.03 14.62 15.10 16.30 

18.70 16.04 16.40 17.40 

20.00 17.85 17.96 19.01 

20.50 18.70 18.60 19.80 

20.40 19.30 19.50 20.30 

20.30 19.70 20.10 20.30 

20.16 20.10 20.40 20.32 

19.96 20.25 20.65 20.30 

19.70 20.14 20.73 20.10 

19.60 20.20 20.70 20.13 

20.16 20.15 20.10 19.95 


23.40 21.30 21.20 20.96 21.10 

22.40 21.50 21.60 21.05 20.70 

21.20 20.50 21.20 20.70 20.40 

1 20.10 20.10 20.70 20.60 19.70 


19.30 19.53 20.20 

19.00 19.72 19.56 

19.01 19.80 18.85 

18.75 19.98 18.20 


0 

0 

0 

1.92 

1.47 

3.12 

2.66 

2.50 

4.33 

4.30 

4.22 

6.23 

5.71 

5.43 

7.60 

7.94 

7.55 

9.58 

9.38 

9.01 

10.94 

11.96 

11.32 

12.73 

13.60 

12.77 

13.93 

15.50 

14.80 

15.62 

16.60 

16.00 

16.40 

17.84 

17.43 

17.38 

18.56 

18.21 

17.96 

19.40 

19.22 

18.70 

19.60 

19.60 

18.93 

20.15 

20.08 

19.20 

20.20 

20.32 

19.40 

20.50 

20.70 

19.53 

20.60 

20.66 

19.45 

21.10 

20.70 

19.23 

20.20 

19.20 

17.93 


18.20 17.20 

17.67 16.60 

17.00 16.05 





























OF POOR Q. 


TABLE 11a. Velocity Hoasareaenta of Air Jet in Conflaed Swirl iac FI 
Ui « 66.8 B/'a. 


r 


10 14 20 28 40 


0 (a/a) 


0 

0.5 

1.5 

2.5 

3.5 

4.5 

5.5 

7.5 

10.5 

12.5 

15.5 

17.5 

20.5 

22.5 

25.5 

27.5 

30.5 

32.5 

35.5 

37.5 

40.5 

42.5 

47.5 

52.5 

55.5 

57.5 

59.5 

62.5 


2.00 

1 

2.04 

1 

2.45 

1 

3.24 

2 

5.90 

3 

7.25 

4 

9.05 

5 

9.20 7 


8.86 

9.28 

10.50 

12.37 

11.95 

10.99 

9.84 


8.28 

11.30 

10.01 

8.84 

8.62 

9.72 

7.80 

8.52 

8.55 

8.72 

11.70 

10.75 

9.81 

9.03 

10.50 

8.26 

9.23 

9.28 

8.88 

11.66 

11.65 

11.01 

9.53 

11.67 

10.39 

10.70 

10.50 

9.89 

10.70 

11.23 

11.30 

10.40 

11.43 

11.60 

11.97 

11.30 

9.22 

11.10 

U.IO 

11.67 

11.14 

10.60 

12.10 

12.38 

11.53 

8.77 

11.45 

11.20 

11.66 

11.47 

9.80 

12.30 

12.35 

11.50 

9.76 

11.40 

10.98 

11.57 

11.57 

9.20 

12.10 

11.80 

11.20 


a 















OF POOR 


TABLE 11b. Velocity Netsoreaeatt of Air Jet in Confined Swirling Plow} 
Ui « 66.8 b/s. 


1 2 3 5 7 10 14 20 28 40 

W (a/*) 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

7.09 

6.87 

5.63 

4.19 

2.98 

2.02 

1.72 

1.47 

1.67 

2.82 

7.68 

6.36 

5.42 

4.06 

3.20 

2.23 

2.27 

1.88 

3.11 

3.77 

7.93 

4.76 

5.92 

4.22 

3.53 

3.23 

3.02 

2.92 

4.60 

5.73 

8.25 

4.42 

5.65 

4.51 

4.31 

4.20 

4.18 

3.90 

5.68 

7.16 

9.34 

6.48 

7.07 

6.23 

6.34 

6.15 

6.43 

5.50 

7.98 

9.36 

10.50 

7.82 

8.65 

8.37 

8.48 

8.06 

8.07 

7.20 

9.50 

10.55 

12.50 

10.76 

11.76 

12.07 

11.02 

10.60 

11.14 

9.49 

11.97 

12.66 

14.22 

12.90 

13.93 

14.46 

13.33 

12.50 

13.23 

11.36 

13.40 

14.00 

16.20 

15.65 

17.60 

17.53 

16.16 

15.20 

16.15 

13.90 

15.76 

16.00 

16.92 

17.45 

19.11 

19.34 

17.62 

17.04 

17.94 

15.43 

17.03 

16.92 

17.43 

18.37 

20.00 

20.76 

19.47 

18.80 

19.86 

17.20 

18.85 

18.33 

17.75 

18.43 

20.00 

21.10 

20.20 

19.70 

20.50 

18.42 

19.60 

18.99 

19.23 

18.40 

20.06 

21.16 

20.83 

20.80 

21.20 

19.53 

20.40 

19.63 

19.30 

18.14 

19.88 

21.20 

21.02 

21.40 

21.20 

20.10 

20.88 

20.30 

19.00 

18.16 

20.20 

20.80 

21.12 

21.80 

21.30 

20.90 

21.50 

20.52 

19.08 

18.42 

19.76 

20.58 

21.10 

22.04 

21.40 

21.20 

21.52 

20.60 

20.20 

19.00 

20.20 

20.55 

21.40 

22.30 

21.30 

21.60 

21.90 

20.83 

20.80 

19.00 

20.40 

20.55 

21.30 

22.10 

21.30 

21.93 

22.12 

20.85 

22.40 

19.60 

21.46 

20.80 

21.40 

21.40 

20.83 

22.50 

21.50 

20.19 

23.10 

21.00 

22.70 

21.45 

22.02 

20.20 

20.77 

22.10 

20.13 

18.98 

22.20 

21.40 

22.40 

21.60 

21.91 

20.20 

20.75 

21.10 

18.93 

18.07 

21.20 

20.75 

21.94 

21.60 

21.30 

20.30 

21.00 

20.32 

18.22 

17.50 

20.40 

20.35 

21.00 

21.70 

21.10 

20.50 

21.20 

19.60 

17.80 

17.10 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 




















ORIGINAL iV :, : 

OF POOR QUALir*' 


TABLE lid. Velocity Measurenents of Air Jet in Confined Swirling Flowi 
Uj = 66.8 m/s. 


r 


1 

2 

3 

5 

7 

10 

14 

20 

28 40 





w ' 

(■/•) 




4.44 

4.31 

3.22 

2.74 

2.09 

1.49 

1.30 

1.02 

1.07 .947 

4.44 

4.31 

3.22 

2.74 

1.97 

1.49 

1.30 

1.02 

1.07 .947 

4.15 

4.13 

3.22 

2.72 

2.00 

1.48 

1.37 

1.05 

1.46 1.08 

2.50 

3.61 

2.91 

2.73 

1.95 

1.51 

1.35 

1.17 

1.27 1.20 

1.71 

2.78 

2.71 

2.62 

1.88 

1.53 

1.32 

1.17 

1.33 1.24 

1.32 

1.86 

2.36 

2.63 

1.88 

1.73 

1.55 

1.28 

1.33 1.24 

1.34 

1.67 

2.32 

2.61 

1.77 

1.76 

1.60 

1.41 

1.41 1.30 

1.72 

1.78 

2.14 

2.34 

1.78 

1.82 

1.72 

1.60 

1.52 1.35 

1.78 

2.17 

2.17 

2.20 

1.76 

1.87 

1.79 

1.70 

1.56 1.38 

1.62 

2.05 

2.09 

1.89 

1.72 

1.88 

1.81 

1.75 

1.56 1.40 

1.54 

1.88 

1.84 

1.62 

1.64 

1.75 

1,74 

1.72 

1.47 1.38 

w 

00 

1.74 

1.61 

1.46 

1.42 

1.58 

1.48 

1.60 

1.35 1.23 

2.58 

1.92 

1.62 

1.45 

1.36 

1.49 

1.34 

1.52 

1.30 1.33 

2.95 

2.04 

1.76 

1.53 

1.36 

1.44 

1.28 

1.34 

1.26 1.22 

2.88 

2.10 

1.76 

1.62 

1.43 

1.43 

1.22 

1.28 

1.28 1.16 

3.00 

2.13 

2.18 

1.71 

1.45 

1.40 

1.21 

1.22 

1.19 1.08 

3.34 

2.17 

2.35 

1.79 

1.49 

1.56 

1.17 

1.16 

1.18 1.10 

3.30 

2.35 

2.35 

1.82 

1.56 

1.62 

1.09 

1.06 

1.17 1.10 

3.41 

3.05 

2.41 

1.87 

1.52 

1.68 

1.10 

1,00 

1.12 1.03 

2.97 

2.92 

2.39 

2.03 

1.49 

1.54 

1.17 

1.11 

1.01 1.01 

1.28 

2.42 

2.08 

1.91 

1.46 

1.47 

1.20 

1.06 

1.23 1.12 

1.14 

1.85 

1.77 

1.74 

1.34 

1.36 

1.14 

1.18 

1.41 1.15 

1.43 

1.77 

1.64 

1.62 

1.35 

1.28 

1.13 

1.24 

1.43 1.31 

1.48 

1.62 

1.76 

1.54 

1.38 

1.29 

1.14 

1.40 

1.74 1.56 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 
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TABLE 14a. Velocity Neasareaenta of Helinm/Air Jet in Confined Swirling Flow 


Uj = 16,8 m/ s 


r \ 

1 

2 

3 

5 

7 

10 

14 

20 

28 

40 

( mm ) 





U 

( m / s ) 





0 

6.40 

4.55 

3.43 

3.07 

2.32 

2.25 

1.84 

2.05 

1.68 

1.45 

0.5 

6.40 

4.55 

3.43 

3.07 

2.32 

2.25 

1.84 

2.05 

1.68 

1.45 

2.5 

5.61 

4.20 

2.40 

2.75 

2.01 

2.20 

1.79 

1.65 

1.56 

1.39 

5.5 

2.55 

2.15 

.887 

1.64 

1.37 

1.60 

1.33 

1.10 

1.14 

.95 

7.5 

.190 

.880 

.181 

.629 

.838 

1.21 

.855 

.601 

.877 

.535 

10.5 

-.077 

.269 

-.377 

-.467 

.483 

.368 

.272 

-.096 

.027 

-.143 

12.5 

.247 

.247 

-.413 

-.634 

.324 

.127 

-.140 

-.410 

-.164 

.053 

15.5 

.280 

.370 

-.374 

-.61 

.482 

.266 

-.159 

-.110 

.141 

.413 

17.5 

.500 

.500 

.522 

.192 

.965 

.735 

.310 

.735 

.746 

.811 

20.5 

1.01 

.781 

1.43 

1.67 

2.31 

1.96 

1.44 

1.57 

1.56 

1.49 

22.5 

1.15 

.987 

1.77 

2.69 

3.55 

2.56 

2.25 

2.20 

2.18 

2.08 

25.5 

1.13 

1.18 

2.00 

3.55 

5.19 

3.52 

3.80 

3.03 

3.24 

2.86 

27.5 

1.45 

1.71 

2.18 

4.13 

5.90 

4.18 

4.94 

3.76 

3.87 

3.68 

30.5 

3.77 

2.70 

3.29 

4.79 

6.11 

5.47 

6.31 

4.94 

5.39 

4.89 

32.5 

5.99 

3.87 

4.62 

5.23 

6.37 

6.64 

7.08 

5.58 

6.19 

5.61 

35.5 

8.59 

6.19 

6.67 

6.20 

6.79 

7.40 

7.73 

6.45 

7.33 

6.77 

37.5 

9.74 

7.23 

8.65 

7.04 

8.57 

7.80 

8.48 

7.05 

7.95 

7.34 

40.5 

10.04 

8.43 

9.67 

9.67 

9.34 

7.97 

9.72 

8.08 

9.01 

8.27 


9.81 

8.73 

10.30 

10.00 

9.53 

8.15 

10.05 

8.30 

9.46 

9.10 


10.70 

10.10 

10.40 

10.57 

9.97 

10.31 

10.31 

9.57 

10.63 

10.30 

52.5 

11.20 

10.52 

11.23 

10.48 

10.42 

11.10 

10.75 

9.92 

10.75 

10.80 

55.5 

12.20 

10.10 

11.87 

10.32 

10.20 

11.25 

11.00 

10.20 

11.01 

11.15 

57.5 

12.20 

10.40 

12.05 

10.00 

10.22 

11.04 

11.21 

10.40 

11.10 

11.30 

59.5 

11.30 

11.15 

11.74 

9.75 

10.26 

10.98 

11.10 

10.50 

10.91 

11.10 


o: 



ORlG'^iAc. r. 

OF POOR r ; . ; 

TABLE 14b. Velocity Neasareaentt of Helina/Air Jet in Confined Swirling Flowi 
U; - 16.8 m/a. 


2 3 S 


10 14 20 28 40 


W (m/a) 


8.36 

8.28 

9.29 

7.77 

7.82 

8.49 

9.55 

10.40 

9.83 

10.53 

11.75 

9.85 

10.35 

10,93 

12.36 

13.00 

11.66 

12.25 

13.27 

11.50 

12,22 

12.15 

13.91 

14.70 

14.67 

15.15 

16.31 

13.42 

15.70 

14.25 

16.42 

16.60 

17.07 

17,22 

17.85 

15.00 

17.53 

15.62 

17.50 

17.61 

18.66 

19.40 

19.19 

16.99 

19.37 

17.20 

19,03 

18.80 

18.32 

19.85 

20.04 

18.30 

20.26 

18.06 

19.70 

19.20 

17.77 

20.10 

20.49 

19.63 

20.77 

18.90 

20.36 

19.73 

17.56 

19.71 

20.58 

20.14 

20.92 

19.36 

20.50 

19.80 

17.50 

19.52 

20.60 

20.41 

20,80 

19.72 

20.67 

20.00 

17.86 

19.58 

20.47 

20.60 

21.67 

19.99 

20.68 

20.26 

18.33 

19.62 

20.17 

20.60 

22,08 

20.15 

20.72 

20.40 

18.54 

19.75 

20.15 

20.52 

21,95 

20.14 

20.75 

20.20 

20,10 

20.28 

20.34 

20.63 

21.20 

20.94 

20.30 

19. Oi 

21.10 

21.94 

20.88 

20.73 

19.48 

19.56 

19.10 

17.50 

20.83 

21.12 

19.97 

19.91 

18.89 

18.70 

18.08 

16.70 

20.65 

20.40 

19.40 

19.63 

18,57 

18.02 

17.50 

16,20 

20,40 

19.49 

18.85 

18.95 

18,06 

17.12 

16.70 

15.70 

0 

0 

0 

0 

0 

0 


0 





OF POOR . 

TABLE 14c. Velocity Mecsareaents of Helium/Air Jet in Confined Swirlinc Flow: 
Uj = 16.8 b/s. 


0 

0.5 

2.5 

5.5 

7.5 

10.5 

12.5 

15.5 

17.5 

20.5 

22.5 

25.5 

27.5 

30.5 

32.5 

35.5 

37.5 

40.5 

42.5 

47.5 

52.5 

55.5 

57.5 

59.5 

62.5 



2 

3 

5 

7 

10 

14 

20 

28 

40 





u' 

(m/s) 





2.72 

2.63 

1.42 

1.01 

1.03 

.926 

1.01 

.870 

.883 

.906 

2.72 

2.63 

1.42 

1.01 

1.03 

.926 

1.01 

.870 

.883 

.906 

2.52 

2.75 

1.35 

.97 

1.06 

.977 

.974 

.904 

.886 

.944 

2.10 

2.22 

1.12 

1.11 

1.06 

.980 

1.01 

.931 

.881 

1.04 

1.15 

1.43 

9.44 

1.12 

1.00 

1.00 

1.01 

.879 

.914 

.962 

.613 

.654 

.759 

.803 

.805 

.952 

.890 

.785 

.841 

.790 

.550 

.683 

.677 

.646 

.728 

.817 

.758 

.679 

.719 

.796 

.560 

.801 

.747 

.675 

.760 

.721 

.667 

.754 

.658 

.844 

.743 

.986 

1.07 

1.14 

1.16 

.812 

• 803 

.825 

.752 

.735 

.989 

1.11 

1.16 

1.27 

1.46 

1.10 

.961 

.963 

.840 

.830 

1.06 

1.15 

1.13 

1.27 

1.53 

1.20 

1.09 

1.02 

.904 

.882 

1.18 

1.18 

1.16 

1,26 

1.34 

1.34 

1.30 

1.08 

1.00 

1.00 

1.60 

1.34 

1.35 

1.47 

1.21 

1.38 

1.30 

1.08 

1.07 

1.02 

2.38 

1.72 

1.90 

1.71 

1.26 

1.46 

1.21 

1.13 

1.19 

1.06 

2.59 

1.92 

2.20 

1.85 

1.35 

1.39 

1.14 

1.03 

1.11 

1.08 

2.67 

2.07 

2.20 

2.04 

1.60 

1.35 

1.19 

1.02 

1.02 

.953 

2.89 

2.06 

2.07 

2.09 

1.72 

1.32 

1.31 

.993 

.977 

.917 

3.09 

2.06 

2.13 

2.C5 

1.69 

1.38 

1.38 

.868 

1.04 

.884 

3.18 

2.26 

2,25 

1.91 

1.60 

1.49 

1.37 

.898 

1.04 

.986 

3.35 

2.79 

2.47 

1.96 

1.47 

1.57 

1.49 

.980 

.883 

1.16 

2.50 

2.15 

2.13 

1.86 

1.50 

1.33 

1.50 

1.04 

1.09 

1.42 

1.92 

1.87 

1.70 

1.65 

1.68 

1.34 

1.35 

1.13 

1.25 

1.49 

1.36 

2.08 

1.50 

1.68 

1.74 

1.47 

1.28 

1.28 

1.46 

1.58 

1.10 

2.10 

1.16 

1.72 

1.77 

1.68 

1.46 

1.42 

1.60 

1.71 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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ORIGINAL P,: : ' 
OF POOR QL . ... 


TABLE 15«. Velocity Meesureaents of HeliuM/Air Jet in Confined Swirl 


36.5 m / s . 


ing Flow 


V/Dj 

1 

2 

3 

5 

7 

10 

14 

20 

28 

40 






U 

( m / s ) 





0 

11.60 

8.06 

6.56 

4.80 

3.89 

3.70 

3.00 

2.93 

2.85 

2.98 

0.5 

11.60 

8.06 

6.56 

4.80 

3.89 

3.70 

3.00 

2.93 

2.81 

2.98 

2.5 

10.90 

5.81 

5.22 

4.77 

3.42 

3.40 

3.00 

2.69 

2.68 

3.01 

5.5 

4.60 

5,33 

2.78 

3.54 

2.87 

2.98 

2.49 

2.38 

2.44 

2.01 

7.5 

1.78 

2.89 

1.80 

2.51 

1.62 

2.32 

1.79 

1.57 

1.81 

1.27 

10.5 

- 0.03 

.786 

.765 

.550 

.608 

1.06 

.607 

.056 

.403 

.116 

12.5 

-.081 

.560 

.386 

-.338 

.126 

.336 

-.502 

-.764 

-.506 

-.370 

15.5 

.280 

.628 

.161 

-.131 

-.308 

-.212 

- 1.22 

- 1.07 

-.732 

-.516 

17.5 

.320 

.752 

.084 

-.140 

-.304 

.022 

- 1.03 

-.752 

-.362 

-.113 

20.5 

.980 

1.21 

1.53 

.400 

.835 

1.24 

.220 

.954 

1.55 

1.61 

22.5 

1.10 

1.46 

2.11 

2.82 

2.28 

2.56 

1.58 

1.82 

2.42 

2.23 

25.5 

.790 

1.94 

2.54 

4.02 

4.30 

3.52 

3.07 

2.95 

3.63 

3.31 

27.5 

.800 

2.39 

3.04 

4.44 

5.75 

4.29 

4.25 

3.70 

4.36 

3.81 

30.5 

2.46 

3.81 

4.00 

5.01 

6.56 

5.40 

5.78 

4.80 

5.56 

4.77 

32.5 

5.50 

5.14 

4.75 

5.24 

6.86 

6.50 

6.50 

5.57 

6.49 

5.58 

35.5 

8.42 

6.64 

6.34 

5.96 

7.36 

7.41 

7.39 

6.60 

7.51 

6.50 

37.5 1 

9.98 

7.80 

7.91 

6.72 

7.79 

7.61 

7.92 

7.24 

8.09 

7.20 

40.5 i 

10.12 

8.53 

9.45 

'^.73 

8.34 

7.63 

8.95 

7.92 

8.94 

8.10 

42.5 1 

10.19 

9.43 

10.80 

10.37 

8.67 

8.74 

9.30 

8.10 

9.58 

8.77 

47.5 

10.27 

9.55 

11.23 

10.86 

10.35 

9.50 

9.52 

9.34 

10.04 

10.14 

52.5 

10.88 

10.00 

11.60 

10.60 

10.20 

10.36 

9.84 

9.32 

10.07 

10.22 

55.5 

11.44 

9.39 

12.70 

10.43 

10.40 

10.99 

10.33 

9.67 

10.52 

10.38 

57.5 

11.93 

9.16 

12.70 

10.37 

10.41 

10.85 

10.50 

10.00 

10.66 

10.29 

59.5 

11.20 

10.36 

11.31 

9.98 

10.01 

10.89 

10.60 

10.00 

10.66 

10.20 

62.5 

0 



0 




0 

0 

0 


0 

01 


TABLE 15b. Velocity Neesnreaents of Heliaa/Air Jet is Confined Swirling Flow; 
■ 36.5 a/s. 


W (a/s) 


0 

0 

0 

0 

0 

0 

0 

0 

1.82 

1.34 

1.70 

1.39 

1.72 

2.34 

2.52 

1.06 

3 e 94 

2.88 

3.42 

2.47 

4.48 

4.81 

5.68 

4.00 

7.54 

7.20 

6.54 

5.18 

7.07 

6.96 

8.26 

7.07 


9.10 

8.34 

7.13 

8.03 

8.01 

9.01 

8.13 

9.20 

9.55 

9.08 

8.36 

8.63 

8.21 

9.26 


8.94 

9.65 

9.37 

8.73 

9.04 

8.43 

10.08 

9.50 

9.19 

10.20 

10.02 

9.14 

10.10 

9.43 

11.11 

10.40 

10.34 

10.70 

11.07 

9.60 

11.70 

10.48 

11.89 

11.37 

13.02 

13.00 

13.50 

10.89 

14.13 

12.12 

13.72 

12.68 

15.04 

15.40 

15.10 

12.24 

16.10 

13.34 

15.16 

13.73 

16.87 

17.61 

17.80 

14.64 

18.20 

15.42 

17.05 

15.53 

17.53 

18.56 

18.64 

16.60 

19.21 

16.48 

17.58 

16.33 

17.04 

18.56 

19.57 

18.10 

19.92 

17.50 

18.54 

17.13 

16.65 

18.44 

19.66 

18.80 

20.20 

17.91 

18.75 

17.91 

16.93 

18.01 

19.33 

19.48 

20.76 

18.54 

19.00 

18.32 

17.00 

18.11 

19.27 

19.73 

21.00 

18.62 

19.14 

18.40 

17.30 

18.00 

19.12 

19.77 

21.20 

18.94 

19.41 

18.63 

17.50 

18.14 

19.00 

19.54 

21.50 

18.90 

19.51 

18.85 

18.96 

18.50 

19.43 

19.50 

20.15 

19.20 

18.97 

18.32 

20.10 

19.21 

20.24 

19.80 

18.75 

18.20 

18.10 

17.02 

19.98 

19.61 

19.52 

19.30 

18.05 

17.31 

17.03 

16.17 

19.52 

19.10 

18.63 

18.65 

17.78 

16.71 

16.45 

15.55 

19.53 

18.32 

17.80 

18.10 

17.35 

16.21 

15.70 

14.86 

0 

0 

0 

0 

0 

0 

0 

0 


o: 
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